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Heterotrimeric G proteins transmit information within and throughout eukaryotic cells.
These proteins serve crucial functions in diverse signaling pathways, including visual
transduction and adenylyl cyclase regulation. Heterotrimers are composed of «, B,
and y subunits. Ga is a guanosine triphosphatase (GTPase); G and Gy have no
intrinsic enzymatic activity and form an obligate heterodimer that participates in
independent signaling interactions when released from Ga.. Gy signaling partners
include Ga, phosphotidylinositol 3 kinase, phosducin, phospholipase C 3, adenylyl

cyclase, G protein receptor kinase, G protein regulated inwardly rectifying channels,



and N and P/Q type calcium channels. The 2.7A crystal structure of GB1y2 bound to
a peptide (SIGKAFKILGYPDYD) obtained from a random peptide library has been
solved. This peptide inhibits GBy mediated activation of phospholipase C 3 and
phosphatidylinositol-3-kinase y and binds G with sub-micromolar ICsy. G is a
seven-stranded B-propeller protein containing WD-40 repeats. SIGK forms a helical
structure that binds to the “top” face of the Gj3 propeller. The peptide binds the
same face of Gp as Ga, and mutations of G in this region abrogate peptide binding.
In addition, the SIGK peptide binds G using residues sampled by other Gy target
proteins, both in crystal structures and in mutational analyses. No large
conformational changes in G are seen upon SIGK binding, and many of the
biological effects seen for the SIGK peptide can be explained by simple competition
for the top binding surface on GB. The SIGK peptide delineates a region on the “top”
face of GP that is functionally a hot spot for Gy target binding. However, this face of
Gp contains a mixture of polar and nonpolar contacts at the binding surface that
allows it to interact with proteins of diverse sequence and secondary structure in a
unique way compared to other hot spot proteins. The SIGK+*GB+y, structure provides
insight into the way in which Gp is able to sustain a range of interactions with

multiple binding partners.
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CHAPTER ONE
Introduction

HETEROTRIMERIC G PROTEINS: BACKGROUND AND BIOLOGICAL

RELEVANCE

Heterotrimeric G Protein Cycle

Heterotrimeric G proteins transduce cellular signals throughout eukaryotic cells. The
heterotrimer consists of an a subunit (Ga), which encodes a GTPase, and 3 and y
subunits which contain no intrinsic enzymatic activity and act functionally as a single
unit (GBy) (Neves, Ram et al. 2002; Offermanns 2003). Heterotrimeric G protein
signaling is initiated either by an activated G protein coupled receptor (GPCR) or by
soluble nucleotide exchange factors (GEFs), which interact with the basal GDP-
bound Ga while it is in complex with Gy (Cismowski, Takesono et al. 2001;
Marinissen and Gutkind 2001). This interaction catalyzes the release of GDP from
Ga, which allows intracellular GTP to bind Ga.. The binding of GTP to Ga induces
conformational changes, especially in the so-called "switch” regions, which are
incompatible with GBy binding and induce dissociation of the heterotrimeric complex;
signaling can then occur independently through Ga and GBy (Sprang 1997). In the
absence of any regulation, signaling ceases when the GTPase activity of Ga
hydrolyzes GTP to form GDP and inorganic phosphate. The basal form of Ga can
then reform the heterotrimeric complex with Gy, for which it has high affinity in the

GDP-bound form (Sprang 1997). There are many modes of regulating

23
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heterotrimeric G protein signaling; in addition to the GEFs mentioned above that

activate G protein signaling, there are guanine dissociation inhibitors (GDI) which
bind to Ga. and stabilize the signaling inactive conformation. Gpy is a GDI, and
competition with other cellular GDIs would effectively activate signaling through
unbound Gy (Sprang 1997). In addition, regulators of G protein signaling (RGS)
proteins bind to Ga and stimulate GTPase activity (Ross and Wilkie 2000), and there
is evidence in at least one pathway of a RGS+Gaeeffector complex in which the
effector further stimulates the GTPase activity of the RGS protein (He, Lu et al.
2000). See Figure 1-1 for a graphical representation of the G protein signaling
cycle. Several aspects of the G protein pathway remain mysterious; examples
include the molecular mechanism by which GPCRs induce nucleotide exchange
(Rondard, liri et al. 2001); and whether subunit dissociation of Ga. from Gy is

necessary for signaling to occur (Levitzki and Klein 2002).
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Membrans

Figure 1-1. The heterotrimeric G protein cycle. A graphical representation of a
basic heterotrimeric G protein cycle is shown. (1) An extracellular ligand interacts
with a seven transmembrane G protein coupled receptor (GPCR), thereby inducing
conformational changes which attract a resting (GDP-bound) G protein heterotrimer
(2). Upon interaction with an activated receptor, Ga undergoes a conformational
change which induces GDP dissociation and GTP binding. This induces a
conformational change in Ga which is incompatible with Gy binding, and the two
signaling units functionally separate (3) to interact with various effectors depending
on G protein isoform and cell type (4). In the absence of regulation, this signaling
would continue until the inherent GTPase activity of the Ga subunit hydrolyzed GTP
to GDP + Pi. However, in most systems G protein regulators (RGS proteins) bind to
activated Ga or Ga-effector complex and catalyze hydrolysis (5). After hydrolysis,
Ga undergoes another conformational change which is compatible with Gy binding,
and reassociation of the heterotrimer (6) ends one round of the signaling cycle. It
should be noted that due to lipid post-translational modifications on Ga and Gy, both
Ga and Gy remain associated with the membrane during the cycle, as do many of
their effectors. Abbreviations: GPCR, G protein coupled receptor; AC, adenylyl
cyclase; PLC, phospholipase C; RGS, regulator of G protein signaling.

G Protein a Subunits and their Relationship to GBy

More than twenty Ga genes have been described in the literature (Sprang 1997,

Offermanns 2003). Ga subunits are separated into four classes based on
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sequence: the GOLi/o (GOLn, G(Xiz, G(Xis, GOLZ, G(Xgust, GOLt), GOLq (GOL11, GOL14, GOL15/16),

Gauz (Gas), and Gaos (Gar) families (Sprang 1997; Offermanns 2003). Many of
these gene products are ubiquitously expressed (Gos, Gaiz, Gag, Garz, Gaz), and
the Gaj-type family members (Gai1, Gaiz, and Gais) are the most widely expressed in
cells (Offermanns 2003). Other Ga. subunits are tissue specific, residing in neurons
(Ga,) and retinal cells (Gat). Knockouts of several Ga subtypes in mice are
embryonic lethal, including Gas, Gous, Gaip/Gaiz and Gauya/Gaqs crossed lines;
several knockouts show no obvious phenotype at all, including Gais and Gais, Gaq1,

Gau4, and Gauys, and Gay2 (Wettschureck, Moers et al. 2004) (Table 1-1).

Ga subunits consist of two distinct domains - a ras-like domain with structural
homology to small GTPases and a helical domain that is unique to heterotrimeric o
subunits (Hamm and Gilchrist 1996; Sprang 1997). Structures of GDP and activated
(GTPyS, GMPPNP, GDP+ Mg**+AlF,) Ga subunits helped to elucidate the
mechanism of nucleotide binding and the molecular determinants of Ga activation
(see later sections of this chapter for a detailed structural analysis). The regions of o
that undergo the largest changes between the basal and active forms of Ga are the
switch regions, corresponding to residues 175-184, 199-219, and 227-242 in the
Gai1 structure (Figure 1-5). Ga binding proteins sense the nucleotide binding state
of Ga by interacting with these switch regions; in the crystal structures of Ga

complexes (with GBy, RGS4, RGS9 and PDEy), interactions with switch residues
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comprise the main interaction surface with Ga. Effectors of Ga include adenylyl

cyclase types I-IX; phosphodiesterase 6y; phospholipase-C (PLC) B isoforms 1-4;

and various RhoGEF proteins (Table 1-1.) (Albert and Robillard 2002; Offermanns

2003).
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. . Knockout
Family Subtype Gene Expression Effector Subtype Phenotype
Gas Gas Gnas Ubiquitous AC (+), AC I-IX Early embryonic
Tubulin (+), src (+) lethality
Golorf Gna1 Olfactory AC (+) Subtle; loss of
epithelium, brain fostering behavior,
hyperactivity
Gaiijo Gy Gnai1 Wide AC (-); GIRK (+) AC I, 1l V, none
VI, VIII, IX
Gaip Gnai2 Ubiquitous AC (-); GIRK (+); Rap1 AC 1, V, VI Immune
GAP abnormalities and
inflammation in
bowel
Gais Gnai3  Wide AC (-); GIRK (+); AC1,V, VI none
GRIN 1 and 2
Go, Gnao Neuronal AC (-); VDCC(-); GIRK(+); N, P/Q Various disorders,
Tubulin (+); src (+) VDCC, AC | including tremors
and seizures,
Go, Gnaz Neuronal, AC (-) AC 1, V, VI Mild platelet/CNS
platelets defects
Gotgust Gnat3 Taste/brush cells ~ PDE (+) Impaired bitter,
sweet, and umami
sensation
Goy Gnat1/2  Retinal cGMP-PDE (+) PDE 6y (rod Mild retinal
& cone) degeneration
G(Xi']/G(lis None
GOLiz/G(li3 |etha|
Ga, Goay Gnaq Ubiquitous PLC B (+) PLC B1-4 Cerebellar ataxia;
impaired platelet
activation
Gatyq Gna11 Almost ubiquitous  PLC B (+) PLC p1-4 None
Gag Gna14 Kidney, lung, PLC B (+) None
spleen
Gous Gna15 Hemato-poetic PLC B (+) None
cells
Gog/Gaii Embryonic lethal
G(lq/G(l15 As G(Xq
Gouz Gouz Gna12 Ubiquitous RhoGEF, Btk, Gap1™, None
cadherin; NHE-1 (+); PLD
+
Gous Gna13 Ubiquitous (P1)15RhoGEF, radixin, Lethal €9.5
cadherin;
iNOS (+)
Gouans Embryonic lethal

e8.5

Table1-1. Effectors and regulators of G protein o subunits. Abbreviations: AC,
adenylyl cyclase; GIRK, G protein regulated inwardly rectifying channel; GAP, G
protein activating protein; GRIN, G protein regulated inducer of neurite outgrowth;
VDCC, voltage dependent calcium channel; PDE, phosphodiesterase; PLC,
phospholipase C; Btk, Bruton’s tyrosine kinase; NHE-1, Na'/H" exchangers; iNOS,
inducible nitric oxide synthase. Culled from (Cabrera-Vera, Vanhauwe et al. 2003;
Offermanns 2003; Wettschureck, Moers et al. 2004).
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G Protein B: a WD-40 Repeat Protein

In comparison to the sixteen or more Ga subunits found in mammalian cells, there
are only five G isoforms identified to date (Simon, Strathmann et al. 1991; Albert
and Robillard 2002). Four of these five isoforms share a high degree of sequence
identity; GB+-Gp4 display 80-90% identity to each other, while the most divergent
member of the family (Gfs) contains 50% identity to GB+-Gp4 (Figure 1-4) (Simonds
and Zhang 2000). WD-40 repeat proteins belong to a superfamily of proteins that
form B-propeller structures, and are often found in biological pathways as
multiprotein scaffolds (Gettemans, Meerschaert et al. 2003; Roberts and
Waelbroeck 2004). Proteins besides Gf containing WD-40 repeats include proteins
involved in the anaphase promoting complex (Page and Hieter 1999); a protein that
interacts with HIV-1 integrase (Violot, Hong et al. 2003); transcriptional regulators
(Keleher, Redd et al. 1992; Hoey, Weinzierl et al. 1993), and vesicular trafficking
(Pryer, Salama et al. 1993), among other biological functions. The WD-40 repeating
unit consists generally of a region of variable length, followed by a core of more
constant length bracketed by the sequences GH and WD (see Figure 1-2) (Neer,
Schmidt et al. 1994). In G, the WD repeat also contains an internal invariant Asp
upstream of the terminal WD sequence (Wall, Coleman et al. 1995). Each WD-40
repeat in Gp folds into four antiparallel B strands; however, these four strands do not
form a single structural unit. Instead, the first strand in the WD-40 repeat is actually
the “D” or outer strand of a four stranded blade in Gj; the next three strands in a

given repeat (beginning with the GH sequence) form the inner strands of the next
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{Xo.04 — [GH — X7 4.0 — WDJ}™** ,
{Xs-15 - [GH — X31.23 — D — X5 — WD]}

Figure 1-2. The canonical structure of the WD-40 repeat. The first line depicts
the structure of a general WD-40 repeat as described by Neer et al. (Neer, Schmidt
et al. 1994). The second line represents the structure of the WD-40 repeating unit
found in the Gai1*B1y2 heterotrimer as described by Wall et al. (Wall, Coleman et al.
1995)

blade, finishing with the “D” strand of a neighboring WD-40 repeat (Figure 1-3).
Therefore, a single WD repeat would not form a well-folded structure on its own
(Wall, Coleman et al. 1995). The resulting B propeller structure contains at least
three types of potential interaction surface: the “top” face of the propeller formed by
the loops connecting the D to A and B to C strands of the WD-40 repeat; the
“‘bottom” face of the propeller formed by the loops connecting the A and B and C to
D strands of the WD-40 repeat; and the sides of the propeller formed by the outer
strands themselves. 3 propeller proteins typically contain between four to eight

blades; the G protein  subunit contains seven blades.
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Figure 1-3. Structure of a B-propeller and a WD-40 repeat. (A) The structure of
Gp+1 from the Gai1*B1y2 structure is shown in ribbon representation. The view is
looking down upon the “top” face of GB. Highlighted in blue is a single WD-40
repeat. The strands A-D are labeled. Blades are numbered along the outside of the
BB propeller according to Wall et al. (Wall, Coleman et al. 1995). (B) View of a single
WD-40 repeat. Labels and colors are as in (A); the GH and WD signature
sequences are shown in stick representation.

GpB1-Gp4 are widely expressed, while G35 expression is restricted to the brain and
retina (Simonds and Zhang 2000). Finally, while all other G subunits interact solely
with Gy subunits, GBs seems to functionally couple to a set of RGS proteins
containing GGL (G-protein y subunit like) domains (Snow, Krumins et al. 1998). Gj
binding targets include G-protein coupled receptors, certain adenylyl cyclase
subtypes, some isoforms of PLC 3, G-protein inwardly rectifying potassium (GIRK)
channels, calcium channels, phosphoinositol-3-kinase (PI13K), G protein receptor

kinases (GRK), mitogen-activated protein kinases (MAPK), phosducin, and dyamins
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(Table 1-2) (Clapham and Neer 1997; Simonds and Zhang 2000; Schwindinger and

Robishaw 2001).
Family Gene Expression Effectors
member
GB4 Gnb1 Generally in PLC B 2, 3(+); AC I(-), I, IV,
GB» Gnb2 brain, testis, and VIl (+); GIRK 1, 2, 4 (+);
Grb3 pancreas, VDCC (P/Q, N, R-type) (-);
GPs n heart, retina GRK 2, 3 (+)"; PI3K B, y (+);
GBa Gnb4 Btk (+); PKD (+); Tubulin (+);
GBs Gnb5 Dynamin | (+); MAPK (+)*;

Table 1-2. Effectors and regulators of G protein  subunits. Abbreviations are:
PLC, Phospholipase C; AC, adenylyl cyclase; GIRK, G protein inwardly rectifying
channel; VDCC, voltage dependent calcium channel; GRK, G protein receptor
kinase; PI3K, phosphoinositide-3 kinase; MAPK; mitogen activated protein kinase.
' Activity consists of recruitment to the membrane. ?Indirect activation. Culled from
(Clapham and Neer 1997; Schwindinger and Robishaw 2001; Cabrera-Vera,
Vanhauwe et al. 2003; Offermanns 2003).
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G Protein y: Formation of an Obligate Heterodimer with GBy and Isoform Specificity

There are at least 14 Gy isoforms identified in mammals to date (Albert and Robillard
2002), which show greater amino acid diversity than seen in the G subunit
(Clapham and Neer 1997; Robishaw and Berlot 2004). Although it is possible to
express and purify GB and Gy from insect cells separately, they form a functional
unit only when coexpressed in the cell (Iniguez-Lluhi, Simon et al. 1992; Ueda,
Iniguez-Lluhi et al. 1994). G has never been purified from native sources without a
bound Gy (or GGL protein), indicating that the Gy heterodimer is the functional unit

in cells.

Although much of the literature treats all GBy heterodimers as interchangeable, the
large number of different combinations of GB and Gy subunits most likely plays a
role in specificity in intact signaling pathways. Most combinations of Gy isoforms
can form functional dimers in vitro that can then bind to Ga subunits (Iniguez-Lluhi,
Simon et al. 1992; Ueda, Iniguez-Lluhi et al. 1994; Hou, Azpiazu et al. 2000; Hou,
Chang et al. 2001). In addition, many Gy isoforms can bind to and modulate
effector function, at least in the cases of adenylyl cyclase (Iniguez-Lluhi, Simon et al.
1992; Ueda, Iniguez-Lluhi et al. 1994; Hou, Chang et al. 2001), phospholipase C 2
and B3 (Ueda, Iniguez-Lluhi et al. 1994; Hou, Azpiazu et al. 2000; Hou, Chang et al.
2001) and GIRK channels (Mirshahi, Robillard et al. 2002). However, current

literature suggests that the importance of GBy isoform specificity may manifest itself
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at the level of the GPCR,; for instance, multiple reports have shown that the isoform

type of GB and Gy subunits have differential effects on Ca*™ channel regulation and
GPCR signaling ((Birnbaumer 1992; Albert and Robillard 2002). It has also been
shown that receptors can discriminate between different heterotrimer compositions;
for instance, M2 muscarinic receptor differentially activates Goo*B1y7 or Goo*Bay2
heterotrimers over Go,*p1ys or Gao*B1y2 heterotrimers (Hou, Azpiazu et al. 2000;
Hou, Chang et al. 2001). In another study, this time with the a2A adrenergic
receptor, different combinations of GB1 or GB3 with Gy1, Gyz, Gys, Gys, Gys, Gyz, Gy1o,
or Gy led to different coupling efficiencies through the Ga; heterotrimer (Richardson
and Robishaw 1999). Finally, a recent knockout of the Gy7 isoform in mice showed
that the D1 dopamine receptor signaling pathway was disrupted, as were levels of
Goi, indicating that at the organism level isoform specificity is crucial for proper
function (Schwindinger, Betz et al. 2003). Recent studies have attempted to use
labeling systems to identify the native GBy combinations found in intact cell lines
(Hynes, Tang et al. 2004). However, there is little information on the biological effect
of having different populations of GBy heterodimers in living cells, and the regulatory
process mediating heterodimer formation is unknown. Temporal and spatial

regulation in the cell at the level of transcription may be one level of regulation

(Robishaw and Berlot 2004).
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GpBy Effector Biology

The most well-studied isoforms combinations of GBy are GB1y4, found in the
transducin pathway, and GB1y,, which regulates adenylyl cyclase through coupling to
Gos or Gai. Studies have tried to delineate the regions on G that mediate effects
on adenylyl cyclase, phospholipase C B isoforms, protein kinase C, potassium and
calcium channels; and indirectly on GRK and MAPK signaling (Tang and Gilman
1991; Koch, Inglese et al. 1993; Inglese, Luttrell et al. 1994; Yan and Gautam 1996;
Ford, Skiba et al. 1998; Krapivinsky, Kennedy et al. 1998; Li, Sternweis et al. 1998;
Scott, Huang et al. 2001; Albert and Robillard 2002; Doering, Kisilevsky et al. 2004).
The mutations that effect G signaling through some of these effectors, as well as
residues shown to interact with Gp through analysis of the crystal structures of
complexes are shown in Table 1-3. As shown in Figure 1-3, the structural features
of the GBy complex can be described on a general level as consisting of the “top”,
“‘bottom”, and “sides” of the Gf torus. The “bottom” face of Gp is the one against
which Gy packs; the “top” face is the face opposite from the Gy binding site; and the
“sides” of Gy are the B sheets that make up the blades of the 3 propeller. Almost all
GpBy-binding proteins use the “top” face of G to interact with the Gpy heterodimer; in
addition, many G targets also use residues along the side of Gf3 blades (Figure 1-3,
Table 1-3). This dual binding mode may confer specificity upon the Gy target;
another possibility is that multiple binding sites confer additional energy nodes to the

Gpy interaction that allows for discrimination among Gpy binding partners. Finally,
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the binding of multiple Gy targets in signaling pathways can be thought of as a

dynamic process involving multiple effectors and (possibly) regulators in a given
system. Perhaps the transient binding of multiple protein targets to multiple blades
of Gy allows for dynamic signaling regimes to be sampled during the lifetime of a
cellular signaling event; association with a blade leading to preferential association
with the top face of Gp, then leading to productive signal transduction while other

targets associate with other blades.
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Gais | Phosducin | GRK2 | PLCB | AC | GIRK | Ca™
42
44
46
47
52
53
55 55 55 55 55
57 57 57 57 57
59 59 59 59
75 75 75
76
78 78 78 78 78
80 80 80
88
89 89 89 89
90
91
92
95
96
98 98
99 99 99 99 99 99
101 101 101 101 101 101
117 117 117 117 117 117
119 119 119 119
132
143 143 143
144
145 145 145
162
182
186 186 186 186 186
188 188 188
204 204 204
228 228 228 228 228 228
230 230
246 246 246 246 246
274
290 290
292
304
310
311
314 314
332 332 332 332 332 332

Table 1-3. List of G binding residues derived from mutational and structural
studies. Each number corresponds to a Gp residue. Structural analysis was done using
information from (Gaudet, Bohm et al. 1996; Wall, Posner et al. 1998; Lodowski, Pitcher et
al. 2003). PLC B, mutational analysis of the PLC 32/3+Gpy, complex (Ford, Skiba et al.
1998; Li, Sternweis et al. 1998); AC, mutational analysis of the adenylyl cyclase type
I/lle<GB1y, complex (Ford, Skiba et al. 1998; Li, Sternweis et al. 1998); GIRK, mutational
analysis of GB4y, interaction with the GIRK1/4 channel (Ford, Skiba et al. 1998); Ca™,
mutational analysis of Gy, interaction with the N and P/Q type calcium channels (Ford,
Skiba et al. 1998; Agler, Evans et al. 2003). Residues on the “top” face of Gf are in blue
boxes; all other residues map to blades along the side of the Gf3 torus.
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Peptides as GBy Targets: Theory and Biological Impact Studies

There are at least two methods of using peptides to probe proteineprotein interaction
surfaces. One method is simply to identify a known protein target of the protein of
interest, and synthesize peptides with sequences derived from that target for use in
competition studies. Not only does this enable researchers to isolate small
fragments from sometimes unwieldy proteins for use in their studies, but in some
instances the biological function of the binding can be recapitulated by the peptide.
Another method is to screen peptide libraries of random sequences for their ability to
bind to the protein of interest. Although the library-derived peptides have no
inherent biological relevance, the resulting proteinspeptide complexes can often be
used to probe the binding sites, biochemistry, or biological activity of the protein of
interest. This method as a means of probing protein-protein interaction “hot spots”
has been reviewed extensively in the literature (Clackson and Wells 1994; Ma,
Wolfson et al. 2001; DeLano 2002). There are many examples of an untrained
(naive) peptide library being used to delineate a binding surface that is biologically
relevant (DelLano, Ultsch et al. 2000; Harris, Hillier et al. 2001; Scott, Huang et al.
2001; Skelton, Chen et al. 2001). It may be more efficient to describe binding sites
this way in many pathways, since the protein binding targets for a given protein may

take years to discover and verify.

G protein By subunits have been studied using both of the methods described above.

Peptides derived from adenylyl cyclase Il (QEHA: residues 956-982,
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QEHAQEPERQYMHIGTMVEFAYALVGK), GRK (B-ARK ct: residues 643-670,

WKKELRTMGEEDFFDLLASKSQSKRMDDQRVDLAG), PLC B2 (N20K: residues
564-583,NRSYVISSFTELKAYDLLSK and E20K: residues 574-593,
ELKAYDLLSKASVQFVDYNK) GIRK1 and GIRK4 (various, including GIRK1
residues 364-383, MLLMSSPLIAPAITNSKERHNS), and phosducin (residues 215-
232, EGMCRQTFTGHESDINAI have all been used to elucidate Gy biological
activity in relevant pathways (Koch, Inglese et al. 1993; Weng, Li et al. 1996; Bluml,
Schnepp et al. 1997; Krapivinsky, Kennedy et al. 1998; Sankaran, Osterhout et al.
1998). In general, these peptides have much lower affinity for GBy (uM — mM) than
the proteins they are derived from, and present solubility problems that make them
difficult to study in crystallographic concentrations. In 2001, Scott et al. used a
random library approach to isolate peptides that bound to GBy (Scott, Huang et al.
2001). Sixteen different libraries were tested; the libraries contained peptides from
six to thirty amino acids long, some of which contained internal disulfide linkages to
impose structural constraints (Scott, Huang et al. 2001). Each library contained
diversity of 1x10® — 1x10° individual clones (Scott, Huang et al. 2001). Biotinylated
By protein was immobilized onto plates containing streptavidin, phage displaying
peptide were mixed with the immobilized By subunits and repeatedly washed with
detergent, bovine serum albumin, and salt to reduce nonspecific binding. Binding of
phage was then detected by using ELISA with phage-specific antibody and a
colorimetric assay (Scott, Huang et al. 2001). Four classes of peptides (based on

sequence) were identified; all four classes competed for binding on Gpy, indicating
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that they were all probing the same surface on Gy (see Chapter Two for more

detailed information on peptide sequences). One of these groups included a linear
peptide (the “SIRK” peptide) with the sequence SIRKALNILGYPDYD. The SIRK
peptide inhibited PLC B2 activation by Gy, subunits with an ICso of 5 uM and
blocked activation of PI3K. In contrast, the SIRK peptide had little or no effect on
GB1y2 regulation of type | adenylyl cyclase or voltage-gated N-type Ca™ channel
activity (Scott, Huang et al. 2001). Subsequent experiments have shown that not
only does the SIRK peptide block heterotrimer formation, but it also displaces Gai
from a GB1y2* Gayi complex in the absence of Gay; activation and activates G
protein-dependent ERK1 and ERK2 pathways in intact cells (Ghosh, Peterson et al.
2003; Goubaeva, Ghosh et al. 2003). A version of the SIRK peptide is discussed

below in the description of the dissertation research.

HETEROTRIMERIC G PROTEINS: STRUCTURAL STUDIES

Crystal Structures of Active and Inactive Forms of Ga

The crystal structures of inactive (GDP) and active (GDP+Mg+++AlF4-, GTPyS*Mg*”,
GMPPNP+Mg*") provide insight into the molecular mechanism of signaling employed
by Ga subunits (Coleman, Berghuis et al. 1994; Mixon, Lee et al. 1995; Sprang
1997; Coleman and Sprang 1998; Coleman and Sprang 1999; Lambright, Noel et al.
1994). The Ras homology domain contains structural motifs involved in nucleotide
binding, recognition, and GTPase activity, the a-helical domain is unique to

heterotrimeric G proteins (Hamm and Gilchrist 1996; Sprang 1997). The nucleotide
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binds in a cleft between the two domains; the regions of Ga which change

conformation are called the “switch” regions, numbered I-IV. The GDP-bound form
of the Gaii1 protein (1GDD) has disordered switch Il and switch Il regions and the N
terminus forms a microdomain with the C terminus which in turn interacts with a
neighboring Ga subunit (Mixon, Lee et al. 1995; Sprang 1997). This interaction is
organized by a sulfate ion from the crystallization condition (Sprang 1997).
However, it should be noted that this microdomain is not observed in the structure of
Ga bound to GDP, and in that structure all of the switch regions are ordered (Figure
1-5) (Lambright, Noel et al. 1994). In a representative activated structure (1GIA) of
Gais bound to GTPyS*Mg™™, all three switch regions are ordered and have changed
conformation (Coleman, Berghuis et al. 1994). In addition, the N and C termini are
disordered in the 1GIA structure. Other than these two differences, the GDP-bound
and the GTPyS*Mg"™* Ga. structures have quite similar global conformations (Figure
1-5), indicating that the changes in the switch regions upon GTP binding are the

structures accessed by effectors and regulators of Ga (Figure 1-6).
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Figure 1-5. Comparison of the basal and active forms of Ga. The GDP-bound
structure of Go (1TAG) (dark brown) is shown superimposed upon the structure of
Go, bound to GTPySeMg*™* (1GIA) (light brown) (Coleman, Berghuis et al. 1994;
Lambright, Noel et al. 1994). The a-helical domain and Ras homology domains are
labeled. The proteins are shown in ribbon representation; the switch regions are
colored in red (dark for active form, light for inactive form) and labeled. The
nucleotides are shown in stick representation.
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Figure 1-6. Nucleotide binding pocket interactions in Gajs. Structures of Gai
bound to GTPyS-Mg** (1GIA), GDP-Mg***AIF,” (1GFl), and GMPPNP+Mg** (1CIP)
are shown superimposed (Coleman, Berghuis et al. 1994; Coleman and Sprang
1999). Features of the binding pocket contributed in each structure are shown in
ribbon representation and labeled. The dot representation is used to show the
location of aluminum fluoride in the 1GFI structure, which overlaps nicely with the
other activating nucleotides in the y phosphate location. A green ball is used to
represent the catalytic Mg** ion found in all three structures. The G-4 and G-5
regions contain conserved sequences which confer guanine nucleotide specificity
upon the protein (Sprang 1997); the P-loop is a conserved sequence found in many
nucleotide-binding proteins; and the switch regions |, I, and Ill are the regions found
in heterotrimeric G protein a subunits that undergo the largest conformational
changes when bound to GDP versus GTP.

The Crystal Structure of Unbound GBy

The crystal structure of unbound Gf1y4 was solved in 1996 (Sondek, Bohm et al.
1996). The features of the GB+y1 structure are essentially the same as those of the
GpB1y2 structure that is found as part of the Gai1*GB+y2 heterotrimer and of Gy
bound to Go (Wall, Coleman et al. 1995; Lambright, Sondek et al. 1996; Wall,

Posner et al. 1998). The G molecule is comprised of two domains: an N terminal
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helix that interacts extensively with the Gy subunit and a C terminal domain that is

the B-propeller fold (Figure 1-7). The G propeller is composed of seven blades as

discussed earlier in this chapter; the top and bottom of each blade are connected by

loops of various length and diverse sequence.

The Gy subunit is made up of two helical segments joined by a loop with no
secondary structural elements. The N terminal helical segment engages the N
terminal helix of G in a coiled-coil interaction; the C terminal helical segment packs

against blades five and six of Gp.
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Figure 1-7. Structure of the unbound form of GB1y4. The general features of the
GpB1y1 heterodimer are shown (Sondek, Bohm et al. 1996). Gp1 is shown in green,
Gy4 in blue. In the upper panel, a side view is shown; the lower panel is rotated by
90° about the x axis. N and C termini are labeled in each panel; in the lower panel,
the blades of G are labeled according to the convention of Wall et al. (Wall,
Coleman et al. 1995; Wall, Posner et al. 1998).
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The Crystal Structure of the Go*By Heterotrimer

The heterotrimeric structures of Gai1*Gp1y2 and Ga*Gp1y1 delineate two interaction
surfaces between Ga and Gy (Wall, Coleman et al. 1995; Lambright, Sondek et al.
1996; Wall, Posner et al. 1998). The first is the interaction between the switch | and
Il region of Ga. and the “top” face of G (Figure 1-8). The second is an extensive
interface between the N terminus of Ga and blade 1 of GB. The switch Il interaction
with Gp is thought to be the molecular mechanism by which Gy acts as a guanine
dissociation inhibitor, by stabilizing the GDP-bound conformation of Ga and
competing with effector contacts in the switch regions of Ga. All three switch
regions of Ga bound to GBy are remodeled relative to their conformations in the
GDP or GTPyS*Mg™" structures (Sprang 1997) (Figure1-9). The N terminal
interaction between Ga and Gy is not known to play any specific role in signaling,
but it is important for heterotrimer formation; deletion of the N terminus of Ga.

abrogates binding to GBy, and buries about 900 A%of solvent-accessible surface

(Sprang 1997).
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Figure 1-8. Structure of the Ga.i1*Gp1°Gy2 heterotrimer. The structure of the
Gai1*GB+Gy as determined by Wall et al. (Wall, Coleman et al. 1995; Wall, Posner et
al. 1998) is shown in ribbon representation. Gai1 is shown in pink; GB+ in cyan; Gy;
in khaki. The N and C terminus of each molecule is labeled; the GDP nucleotide is
shown in stick representation. The view is side-on with respect to the Gy
heterodimer, and an arrow is pointing at the switch Il helix of Ga where it interacts
with the “top” face of GB. The N terminal interaction between Go and Gy is clearly
visible in this orientation along the right side of the figure.
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Figure 1-9. Differences in the nucleotide binding pocket between Ga. in the
heterotrimer and GTP-activated Ga. The Gais subunits from the GDP form found
in the heterotrimer structure (1GP2, in pink) and in the GTPyS bound structure
(1GIA) are superimposed (Coleman, Berghuis et al. 1994; Wall, Coleman et al.
1995; Wall, Posner et al. 1998). Switch regions I, Il, and Il are shown in ribbon
representation; the nucleotides are shown in stick representation. The main contact
surface donated by Ga to complex with Gf is the switch Il region; the switch | and llI
surfaces interact with effectors and regulators and reflect the nature of the
nucleotide bound by Ga.

Crystal Structures of G Proteins in Complex with Effectors and Regulators

Ga Bound to Protein Targets

The predictions based on the Ga*GDP, GaGTPyS*Mg™”, and GaBy structures
included the hypothesis that interactions with the switch regions of Ga would be
crucial for interaction between Ga and its effectors or regulators. This hypothesis

has since been borne out by the structures of several Ga. complexes with regulators,
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and one effector: the co-crystal structure of Gas bound to the catalytic domains of

adenylyl cyclase (Tesmer, Sunahara et al. 1997). There is also an interesting
structure of a Ga subunit bound to a regulator (RGS9) and effector (PDEy)
simultaneously (Slep, Kercher et al. 2001). The structure of Ga bound to the
regulator RGS4 is representative of the switch interactions exploited by Ga binding

proteins and is the first structure to visualize these interactions (Tesmer, Berman et

al. 1997) (Figure1-10).

Figure 1-10. Gais bound to RGS4 shows the interaction of switch regions with
signal transduction regulators. The structure of Gajs bound to RGS4 (1AGR) is
shown in ribbon representation (Tesmer, Berman et al. 1997). Ga is in olive, with
the switch regions colored grey and labeled. RGS4 is shown in gold. The changes
in the switch regions induced by activation of the Ga subunit are read by effectors
and regulators, which interact extensively with these switches only when they are in
the correct conformational state.
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RGS proteins bind to the transition state analog bound form of Ga (GDP*Mg***AlF )
with the highest affinity (Berman, Kozasa et al. 1996), and although they bind the
switch regions of Ga, they do not contribute any catalytic residues to the active site
of Ga (Bohm, Gaudet et al. 1997; Tesmer, Berman et al. 1997). Enhancement of
catalysis seems to be strictly a consequence of stabilizing the conformation of the
switch regions of Ga in order to lower the energetic cost of forming the transition

state complex (Tesmer, Berman et al. 1997).

Gpy Bound to Protein Targets

Three structures of Gy bound to protein targets have been determined: the Gay
heterotrimers, the complex of GRK2 with G2, and the complex of phosducin with
GB1y1 (Wall, Coleman et al. 1995; Gaudet, Bohm et al. 1996; Loew, Ho et al. 1998;
Wall, Posner et al. 1998; Lodowski, Pitcher et al. 2003). The heterotrimer was the
first example of a GBysregulator complex; although Gpy is usually thought of as a Ga
regulator (a GDI), Ga also serves to remove Gy from its signaling partners and can
be thought of as an inhibitor of GBy signaling. GRK2 is a multifunctional signaling
protein; it contains an RGS homology domain to bind Ga. subunits, a protein kinase
domain that phosphorylates GPCRs to desensitize them, and a pleckstrin homology
(PH) domain that interacts with Gy (Figure 1-11) (Lodowski, Pitcher et al. 2003).
Although the GRK2 protein is a complex modular structure, the interaction with the

GpBy subunit is actually straightforward; four regions within the PH domain of GRK2
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interact exclusively with the top face of Gp, utilizing many of the same residues

accessed by the switch | and switch Il regions of Ga (Lodowski, Pitcher et al. 2003).
There are no large conformational changes in Gy upon GRK2 binding, compared

with either the unbound Gpy structure or that of the Gofy heterotrimer.

Figure 1-11. Structure of the GRK2+:Gp1y, complex. The structure of the
GRK2+GB1y2 complex (10OMW) is shown superimposed upon the unbound structure
of GB1y1 (1TBG) (Sondek, Bohm et al. 1996; Lodowski, Pitcher et al. 2003). GRK2 is
in orange, with the C terminal PH domain that interacts with G shown in ivory. G4
from 1OMW is in teal, Gy, from 1TOMW is purple, and GB1y4 is in grey. The
superposition of the two Gy structures shows that GBy does not undergo large
conformational changes when bound to an effector, which is also indicated by the
RMSD between the two structures (0.83 A for Ca of residues Gp 40-340).
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Phosducin regulates GB+y4in the transducin signaling pathway by binding GBy and
blocking reassociation with Go; (Gaudet, Bohm et al. 1996; Loew, Ho et al. 1998).
This inhibits signaling through rhodopsin by removing the pool of Gai*B1y1
heterotrimers that can associate productively with the receptor (Gaudet, Bohm et al.
1996; Loew, Ho et al. 1998). Although part of the phosducin structure is disordered,
the interaction surfaces with Gy are well defined and are comprised of residues
from both the N and C terminal domains of phosducin. The main interaction
surfaces on Gy are once again the “top” face of G, which contributes many of the
same residues to phosducin as to the Gay heterotrimer and GRK2 interfaces; and
interactions with the C terminal phosducin domain, which pack against blades 1 and

7 from Gp (Figure 1-12).

Figure 1-12. Structure of the phosducin*Gp1ys complex. As in Figure 1-11, the
structure of the phosducin*Gp1y1 complex (2TRC) is shown superimposed upon the
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unbound structure of GB1y¢ (1TBG) (Gaudet, Bohm et al. 1996; Sondek, Bohm et al.
1996). Phosducin is in green, G, in teal, and Gy4 from 2TRC is in purple; GB1y+
from 1TBG is in grey. Again, GBy does not undergo global conformational changes
when bound to its regulator in the visual transduction pathway; the RMSD between
the two Gp molecules is 0.91 A for Ca. of residues Gp 40-340. This structure is more
typical of GPy signaling complexes, where a Gy target interacts both with the “top”
face of G3, and also with the “side” of Gf through blade interactions.

In summary, much has been learned from structures of G protein signaling
components, whether they be the core of the signaling pathways (Ga, G, and Gy

subunits) or complexes of signaling molecules with their signaling targets.

DESCRIPTION OF DISSERTATION RESEARCH

The dissertation research described in this thesis can be separated into two distinct
projects: the structural determination of a complex between a peptide and the Gy
heterodimer and preliminary attempts to solve the structure of Gais bound to
fluorescent nucleotides. The first project involves work described earlier in this
chapter by Scott et al. concerning the SIRK peptide. Using a doping mutagenesis
and rescreening strategy, a peptide similar to the SIRK peptide was derived that had
higher affinity for GB1y.. The sequence of this peptide is SIGKAFKILGYPDYD
(SIGK). In vitro studies with the SIGK peptide indicate that it too can displace Gaiq
from a heterotrimeric complex and also effectively prevents heterotrimer formation
(Ghosh, Peterson et al. 2003). The mechanism by which SIRK/SIGK mediates the
dissociation of Gai1*GDP from G4y, is not understood but was suggested to require

a conformational change in G4y, subunits to account for the enhanced Gaiy subunit



56
dissociation rate in the presence of peptide (Ghosh, Peterson et al. 2003). The

structure of the SIGK+Gp 1y, complex might be used to explain the biological effects
seen for the peptide, both in terms of interfering with biological activity assays, and
also to explain the dissociation activity of the peptide. In addition, since the peptide
was obtained from a phage display, and competed with several other peptides from
the display that were unrelated in sequence, it was hoped that the peptide would

sample a “hot spot” on G for protein binding. This analysis of G as a hot spot for
protein interaction might provide insight into the mechanism of Gj target binding

removed from the context of specific proteineprotein interactions.

The second project concerns transitions from inactive to active conformations in the
Ga subunit. A full introduction to the fluorophore nucleotides used in the present
study is included in Chapter V; however, the purpose of the project was to identify
new conformations for the Ga subunit that might be intermediate between fully
activated and fully inactive structures. There is some evidence that the binding of
fluorophore nucleotides does not induce the expected conformational changes in Ga
subunits; a crystallographic snapshot of the conformation found in these nucleotide
bound forms might, therefore, allow a glimpse at less-populated conformational
states that Ga might sample during signaling processes. In addition, the fluorophore
nucleotides have altered kinetic properties relative to their unlabeled counterparts;

structures of Ga bound to these nucleotides might provide structural insights that
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could lead to new design of fluorophore nucleotides that have desirable kinetic

properties.

Chapter Il chronicles the production of G4y, heterodimer, formation of the

SIGK-G1y2 complex, and crystallization of that complex.

Chapter Il explains the methods used for the structure determination of the
SIGK*GB1y2 complex and addresses an interesting result concerning molecular

replacement in the structure solution of this complex.

Chapter IV contains a detailed structural analysis of the GB1y2*SIGK complex and
addresses larger questions about the importance of the “top” face of Gp as a

multiprotein binding site.

Chapter V consists of the methods and results of the first attempt at crystallizing
untagged Gaiq in the presence of fluorophore nucleotides, and the lessons learned

from the experience of crystallizing a copurifying contaminant.

Chapter VI is a summary of the characterization and crystallization of a new
construct of Gai1, and progress in crystallizing this protein with fluorophore

nucleotides.
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Chapter VIl addresses the conclusions and further directions from the two projects

described in Chapters II-VI.
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CHAPTER TWO
Production of GB4y, and the G4y.*SIGK Complex, and

Crystallization of the GBy,*SIGK Complex

The structure of the GB1y2*SIGK complex was undertaken in the context of three
papers concerning the biological activity of the SIGK peptide as described in
Chapter One. In 2001 Scott et al. described an experiment in which phage displays
of randomized peptide libraries were screened for binding to GB1y2 dimers (Scott,
Huang et al. 2001). The peptides that bound GB1y, and were pulled out of their
assay could be loosely classified into four unrelated groups based on amino acid
sequence (Figure 2-1). One of these groups included a linear peptide (the “SIRK”
peptide) with the sequence SIRKALNILGYPDYD. Peptides belonging to all four
groups competed with each other with a range of affinities for binding to Gy,
suggesting that all of the clones isolated from the phage display screen shared a
common binding site on GB1y2 (Scott, Huang et al. 2001). In addition, SIRK inhibited
the activation of PLC B2 by Gy subunits, and also inhibited the activation of PI3K by
GBy (Scott, Huang et al. 2001). However, SIRK peptide was a poor inhibitor of
adenylyl cyclase type | and voltage-gated Ca*" channel pathways, indicating it was
not a global inhibitor of GBy mediated signaling pathways (Scott, Huang et al. 2001).
A subsequent study in which SIRK was modified with either myristate or a cell
permeation sequence showed that SIRK was able to activate ERK 1 and 2 isoforms

in RASM cells (Goubaeva, Ghosh et al. 2003). Presumably this effect is due to the
65
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ability of SIRK peptide to break apart Gapy heterotrimers, thereby freeing Gy to

signal through downstream effectors.

Using a doping mutagenesis and rescreening strategy, a peptide similar to the SIRK
peptide was derived that had higher affinity for GB1y.. The sequence of this peptide
is SIGKAFKILGYPDYD (SIGK). In vitro studies with the SIGK peptide indicate that it
too can displace Gais from a heterotrimeric complex and also effectively prevents
heterotrimer formation (Ghosh, Peterson et al. 2003). The mechanism by which
SIRK/SIGK mediates the dissociation of Gai1*GDP from Gp+y2 is not understood but
was suggested to require a conformational change in G4y, subunits to account for
the enhanced Gais subunit dissociation rate in the presence of peptide (Ghosh,

Peterson et al. 2003).
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A Group I Peptides
SIRKALNILGYPDYD Group 111 Peptides
ACTL?GKPYSLLEIC SCEKRLGVRSCT
RKTTWILGEPLKC SCARFFGTPGCT
SCEQTKTDRLLGNAC
EKASKILGV .
¢ S Gve Group IV Peptides
Group II Peptides WCPPKLEOWYDGCA
APTAVCNFFGQCPMET
APSKVCAHFDICYTLP
APTTPCRKYFMCWEAG
DCKPYPKVYGLT-GMC ALPKSCRILGTCOSIN
COKLAWLT-GKKEKC
TCTSKPQRWF-GLPC
GCPPKLEQWYDGCV
B 12F
SIGK
100 -

=

% Binding (relative to 3.14)
=}

Ao ﬂﬂ‘

——
Group Group Group Group
I Il 1]

Figure 2-1. Peptides from phage display. (A) is adapted from (Scott, Huang et al.
2001). (B) is from unpublished data from T. Bonacci and A.V. Smrcka. (A)
Representative peptides for groups I-IV. Conserved residues are shown in bold.
For all peptides besides SIRK, there are N terminal and C terminal cysteines to
induce disulfide constraints. These cysteines are not shown in the group IV
sequences. (B) Using a phage display binding assay (described in Chapter Four),
peptides were screened for their ability to bind to immobilized GBy subunits. When
data is available for the peptides in (A), their sequence is colored as in (B). All
binding is shown as a relative percentage of SIGK binding to Gpy.
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The goal of the current project was to obtain diffraction quality crystals of the

SIGK+Gp1y2 complex and solve the crystal structure. The structure obtained might
allow both an explanation of the biological effects of the SIGK peptide and provide
insight into the molecular characteristics of the “hot spot” sampled on Gf by the
peptides obtained from the phage display screen. Chapter Two is focused on the

production of GB1y2 and SIGK peptide and crystallization of the resultant complex.

MATERIALS AND METHODS

Production and Amplification of Gf31 and Gy, Baculoviral Constructs

Baculoviruses harboring cDNA for wild-type bovine G4, N terminally (His)s-tagged
bovine Gy, and N terminally (His) s-tagged bovine Gy with the C68S mutation were
obtained from Alfred Gilman (UTSWMC) (Iniguez-Lluhi, Simon et al. 1992).
Sequences of the encoded genes are shown in Figure 2-2. Generally, the protocols
for expression of Gy using these viruses are well documented (Iniguez-Lluhi, Simon
et al. 1992; Ueda, Iniguez-Lluhi et al. 1994; Kozasa and Gilman 1995; Wall,
Coleman et al. 1995); however, a summary of the procedures used for this project
are outlined below. Sf9 cells (Spodoptera frugiperda, Invitrogen) cultured in IPL-41
media without serum (Invitrogen-Gibco-BRL) but supplemented with 1% Pluronic
F68 (Invitrogen-Gibco-BRL) and 1% lipid concentrate (Invitrogen-Gibco-BRL) were
used to propagate virus using instruction manuals from Invitrogen. High 5 cells

(BRI-TN-5B1-4 cell line, derived from Trichopulsia ni , also from Invitrogen-Gibco-
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BRL) grown in Insect Express media without supplements (Fisher Scientific) were

used for testing baculovirus batches for protein expression, and also used for large-

scale protein expression.

> Bovine Gp1
MSELDQLRQEAEQLKNQIRDARKACADATLSQITNNIDPVGRIQMRTRRTLRGHLAKIYAMHWGTDSRLLVSASQ
DGKLIWDSYTTNKVHAIPLRSSWVMTCAYAPSGNYVACGGLDNICSIYNLKTREGNVRVSRELAGHTGYLSCCRF
LDDNQIVTSSGDTTCALWDIETGQQTTTFTGHTGDVMSLSLAPDTRLFVSGACDASAKLWDVREGMCRQTFTGH
ESDINAICFFPNGNAFATGSDDATCRLFDLRADQELMTYSHDNIICGITSVSFSKSGRLLLAGYDDFNCNVWDALK
ADRAGVLAGHDNRVSCLGVTDDGMAVATGSWDSFLKIWN

Residues: 340 Molecular Weight: 37.3 kDa Predicted pl: 5.6

>Bovine Gy;
MASNNTASIAQARKLVEQLKMEANIDRIKVSKAAADLMAY CEAHAKEDPLLTPVPASENPFREKKFF(C/S)AIL

Residues: 71 Molecular Weight: 7.8 kDa Predicted pl: 7.8

SIGK peptide
SIGKAFKILGYPDYD

Residues: 15 Molecular Weight: 1.7 kDa Predicted pl: 5.9

Figure 2-2. Sequences of proteins used in the current project. For Gy, the
position of the C68S mutation is shown. Documentation of the source DNA for Gj3
and both Gy viruses can be found in (Iniguez-Lluhi, Simon et al. 1992).

Expression and Purification of the Gf1y, Heterodimer

GpB1y2 was purified with a modified method based on that of Kosaza and Gilman
(Kozasa and Gilman 1995). All steps were carried out at 4 °C. Cells were harvested
60 hours post-infection by centrifugation at 2600g, then resuspended in 50 ml of
lysis buffer (20 mM HEPES, pH 8, 150 mM NaCl, 5 mM B-ME, 1mM EDTA, 1 mL
Sigma protease inhibitor cocktail P-2714) per liter of cell culture. Cells were lysed by

sonication (5 sec on, 5 sec off, 5 minutes total sonication time) and centrifuged at
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26009 to pellet the membranes. Resuspension and homogenization of membranes

was accomplished by douncing in 100 mL lysis buffer. The membranes were
solubilized by adding1% Lubrol (C12E+0, Sigma) with stirring and the resultant
solution clarified by ultracentrifugation at 125,000g. The supernatant was loaded
onto Ni-NTA agarose (Qiagen) equilibrated with lysis buffer+1% Lubrol. The column
was washed and the Lubrol exchanged for sodium cholate using buffers Ni-A (20
mM HEPES, pH 8, 0.4 M NaCl, 5 mM B-ME, 0.5% Lubrol, 0.15% cholate) and Ni-B
(20 mM HEPES pH 8, 0.1M NaCl, 5 mM B-ME, 0.25% Lubrol, 0.3% cholate),
respectively. GB1y2 was eluted in Ni-C (20 mM HEPES pH 8, 0.01 M NaCl, 5 mM -
ME, 1% cholate, 200 mM imidazole). A final detergent exchange into CHAPS was
accomplished during anion exchange chromatography. The eluate was loaded onto
a HiTrap Q (Amersham Biosciences) column pre-equilibrated with QA (20 mM
HEPES, pH 8, 5 mM B-ME, 0.7% CHAPS, 1 mM EDTA). Gp1y2 was eluted in a
linear gradient using QB (QA+1M NaCl). Fractions containing Gy, were analyzed
by SDS-PAGE and pooled. Gel filtration was performed using a tandem Sephadex
75: Sephadex 200 column (Amersham Biosciences) equilibrated with buffer
GF+CHAPS (20 mM HEPES, pH 8, 150 mM NaCl, 10 mM B-ME, 1 mM EDTA, 0.7%
CHAPS). When B-octylglucoside was used for crystallization trials, the gel filtration
step was run using GF+pBOG buffer (20 mM HEPES, pH8, 150 mM NaCl, 10 mM -
ME, 1 mM EDTA, 1% B-OG). Identical methods were used to purify G4y,

heterodimers containing the C68S mutation, except that all detergents were



71
eliminated from the buffers and the supernatant from the sonication step was

ultracentrifuged and loaded directly onto Ni-NTA agarose.

Production of SIGK Peptide

SIGK peptide (SIGKAFKILGYPDYD) was synthesized by the Protein Chemistry
Technology Center at UTSWMC. No modifications were made to the peptide
termini; purification was by reverse phase-HPLC chromatography on a Vydac C4

semi-preparative column.

Formation and Crystallization of GB1y,*SIGK Complex

SIGK peptide was added to GB+y2 in 1.5 molar excess, and the GB1y2*SIGK complex
was used at 7 mg mL™ for crystallization. Crystals were grown by vapor diffusion
using equal volumes (2 pl) of protein and reservoir solution (15-17% PEG 4000, 100
mM HEPES, pH 7.5, 0.01-0.05 M Na-Acetate, 10% glycerol) at 20 °C. Crystals

attained dimensions of 150u x 50u x 20u within one week.

Stabilization and Freezing of Crystals

Crystals were cyroprotected in 15% glycerol and frozen in liquid nitrogen using
standard methods. In brief, crystals were harvested from mother liquor and placed
into a stabilization solution containing 20% PEG 4000, 100 mM HEPES pH 7.5, 0.05
M Na-Acetate, and 15 % glycerol, and allowed to soak for 1-5 minutes. Cryoloops of

different diameters (usually 50-100 microns) (Hampton Research) were used to
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harvest, transfer, and mount the crystals. The crystals were taken from the

cryoprotectant solution and either flash frozen directly into liquid nitrogen for storage,
or placed quickly into a cold nitrogen stream (110 K) for screening. Mounted and
cryoprotected crystals appeared clear and glassy, indicating sufficient
cryoprotection; in addition, no ice spots were detected for most crystal diffraction

patterns.

Crystal Screening and Data Collection using Synchrotron Sources

Native crystals of GB1y2*SIGK were screened at Advanced Light Source (ALS)
beamlines 8.2.1 and 8.2.2 (Berkeley, CA) and at the Advanced Photon Source
(APS) beamline BM-19 (Chicago, IL). A dataset from ALS 8.2.2 was used to
determine the structure. Over 100 crystals were screened; diffraction limits varied
from 7A to the 2.7A dataset used for structure determination. Diffraction data were

indexed, integrated, and scaled using the software package HKL2000 (Minor 1997).

RESULTS AND DISCUSSION

Expression and Purification of GB1y»

The expression and purification of GB1y2 and GB+1y2(C68S) has been described
(Iniguez-Lluhi, Simon et al. 1992; Ueda, Iniguez-Lluhi et al. 1994; Kozasa and
Gilman 1995; Wall, Coleman et al. 1995). The task at hand was to obtain

crystallographic quantities of the wild type GB+1y2 and GB1y2(C68S) protein in order to
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screen for conditions for a SIGK+GBy complex. Unpublished information from A. V.

Smrcka’s lab indicated that the SIGK complex preferentially formed in the presence
of the prenylation on the Gy, subunit, suggesting that the wild type complex might be
the better crystallographic target. However, this data could not be replicated using
alternative methods, and conditions for crystallizing Gy complex solubilized in
detergent were unknown. Therefore, both forms of the GBy*SIGK complex were

isolated in the hope of quickly obtaining diffraction quality crystals.

On the following six pages are gels and chromatograms showing the relative purity
at different stages of the Gpy(C68S) and wild type Gy protein preps (Figures 2-3

through 2-9).
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Harvest cells, lyse cells, Harvest cells, lyse cells,
clarify soluble protein solubilize membrane proteins

Affinity column
(Nickel
chelation of His
residues)

Anion Anion
exchange exchange
size exclusion size exclusion
chromatography chromatography

Figure 2-3. Flow chart of GB1y2 (C68S) and Gp4y, (wild-type) purifications. On
the left is shown a protocol for GBy containing the C68S mutation; on the right is a
similar protocol for wild-type GBy. The only substantive difference is the source of
the supernatant (soluble or membrane-associated and solubilized).

Affinity column
(Nickel
chelation of His
residues)

M1234567891011 121314 15

Figure 2-4. Fractions
from Ni-NTA,
GpB1y2(C68S). 5 uL of 2
mL fractions from an
imidazole elution are
shown on a Coomassie-
stained SDS-PAGE gel.
The marker on this gel is
the Kaleidoscope
prestained standard from —
Bio-Rad; molecular weights are shown from 7.1 to 210 kDa. All 15 Ianes are eluate
fractions from the Ni-NTA resin. Arrows point to Gf1 and Gy,(C68S) proteins. The
expected molecular weight for G4 is 37.3 kDa; for Gy, it is 7.8 kDa.




75

ol 1 2-14 15

M1234567891011121314 15

66.4

55.6

42.7

36.5 - —— o= b EREL SRR - e——

269 =

20.0

14.3
6.5 —

Figure 2-5. Purification from Hitrap Q anion exchange chromatography,
Gp1y2(C68S). 10uL of 1 mL fractions are shown on a Coomssie-stained SDS-
PAGE gel. The marker shown is the Broad Range marker (2.3-212 kDa) from NEB;
only the mid-range markers (10-70 kDa) are labeled. The protein samples are as
follows: lane 1, flowthough; lanes 2-14, eluate fractions from 6-13 over the NaCl
gradient; lane 15, peak fraction of the second peak (fraction 18). The Gp1y2(C68S)
protein elutes from the column in 100-200 mM NaCl, corresponding to the first peak
of the chromatogram.
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Figure 2-6. Chromatograph and fractions from Sephadex 200:75, G31y2(C68S).
A Coomassie-stained SDS-PAGE gel showing 5 uL of 0.5 mL fractions is shown.
After gel filtration, a slight contaminant at around 35 kDa can be seen in the
fractions.



77

Fractions
1 345670 1T 313 1s 17

i

100, 0y Buffer B

high NaCl

low imidazole

|

1

0,030+

S

0.000 La.0

-0.0804

00100100 01100100 02100100
Mr:MiniSas

Figure 2-7. Chromatograph and fractions from Ni-NTA, wild type GB1y2. 10 puL of
5 mL fractions are loaded onto a Coomassie-stained SDS-PAGE gel. Molecular
weight marker is from NEB. Although the high salt and low imidazole washes are
shown on the chromatogram, only fractions from the high imidazole elution peak are
shown on the gel. See Figure 2-8 for an example of the proteins in the high salt and
low imidazole washes. The distortion at the bottom of the gel is due to the detergent
present in the elution buffer (sodium cholate).
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Figure 2-8. Chromatograph and fractions from HiTrapQ, GB1y.. The first four
lanes of the gel contain marker (Precision Plus Protein Standards, Bio-Rad, weights
shown in kDa), (1) Nickel high salt elute, (2) Nickel low imidazole elute, and (3)
Nickel elution. The rest of the gel (4-15) covers the shoulder and first peak shown
on the chromatogram, which begins at around 100 mM NaCl. The band at ~13 kDa
on the gel could be Gy, although the molecular weight for this protein is 8 kDa and

the discrepancy on this gel is unexplained.
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Figure 2-9. Chromatograph and fractions from Sephadex 200:75, GB1y.. The
column was run in either CHAPS or 3-OG, depending on the crystallographic
experiment. This example is from an experiment done in CHAPS buffer, but the
results are similar if run in B-OG. 5 uL of 0.5 mL fractions are shown on a
Coomassie-stained SDS-PAGE gel. Although the eluant peak is not wholly
symmetric, the fractions do not seem to be contaminated with copurifying proteins.
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Typical yields of protein were 1 mg of purified heterodimers per liter of cell culture,

both for heterodimers containing wild-type Gy, and for heterodimers containing the
C68S mutation. The purity of the wild-type heterodimers seemed to be higher, but

both forms of complex were utilized for initial crystal screens.

Crystallization of the GB1y2*SIGK Complex

Wild-type and C68S mutant heterodimers were both initially used to screen for
GB1y22SIGK complex crystals. The following sparse matrix screens were set up in
initial trials: Hampton | and Il (Hampton Research) and Wizard | and |l (Emerald
Biosciences), at 20 °C. Both wild type GBy and GPy(C68S) mixed with SIGK peptide
produced small crystals from conditions in the initial screens (Figures 2-10 through
2-13). The wild-type heterodimer complex formed in the presence of 3-OG
produced crystals from a screen condition utilizing Peg 4K (Figure 2-11), as did the
same complex formed in the presence of CHAPS detergent (Figure 2-12). The
C68S heterodimer complex produced crystals from an unrelated screen condition,
utilizing K/Na™ tartrate as the precipitant (Figure 2-10). Attempts were made to
optimize all three of these crystallization experiments simultaneously by
systematically varying protein concentration, precipitant concentration, pH, and
additive concentration when appropriate. Microseeding and macroseeding
experiments were also undertaken in an attempt to grow larger crystals as well.
However, optimization of the C68S heterodimer complex crystals proceeded slowly,

as did optimization of wild type heterodimers complex solubilized in B-OG. The wild-
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type heterodimer solubilized in CHAPS produced crystals of the highest quality.

Initial crystals of the GB1y2*SIGK complex in CHAPS were small and practically two-
dimensional; optimization proceeded mainly upon the observation that the addition
of glycerol produced fewer and larger crystals. Finally reproducible and diffraction-
quality crystals of the GB1y2*SIGK complex solubilized in CHAPS were obtained,
although the crystals were still quite thin (150u x 50u x 20u) (Figure 2-13). All data

sets were collected on wild-type GB1y2*SIGK complexes solubilized in CHAPS.

Initial crystal screening and attempts at data collection were carried out at 100K on a
rotating anode X-ray generator with an R-axis IV image plate detector at UTSWMC.
The cryoprotected GB1y2*SIGK crystals were visible in the cryoloops in a clear glassy
state, indicating proper cryoprotection at 15% glycerol. However, diffraction data
collected for 60 min exposure time showed no diffraction at all or limited diffraction to
10 A or less, indicating that these crystals diffracted weakly and would have to be
screened using synchrotron radiation. This precluded extensive cryoprotectant
screening trials at home. Cryoprotection is essential for diffraction experiments at
synchrotron sources, due to the reduction in the rate of radiation decay seen in
cryoprotected crystals (Rodgers 1994). In addition, cryoprotection allows for the
technique of crystal annealing to be utilized, in which a frozen crystal is allowed to
warm and then refrozen. This technique has been shown to improve the mosaicity
and even the useful resolution of some protein crystals (Kriminski, Caylor et al.

2002). It is beneficial to attempt cryoprotection in several different types of
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chemicals (small molecular weight PEG solutions, sugars, cryosalts (Rubinson,

Ladner et al. 2000), or oils (Kwong 1999; Ribolidi-Tunnicliffe 1999)) to ascertain the
optimal conditions for cryoprotection (Rodgers 1994). Limited trials of MPD, PEG
400, and sucrose at the synchrotron did not yield improvement in diffraction quality
or mosaicity measurements on the GB1y2*SIGK crystals. Data collection protocols
and structure solution of the GB1y2*SIGK complex will be outlined in more detail in

Chapter Three.
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Figure 2-10. Initial crystals of the GB1y2(C68S)*SIGK complex. These crystals
were obtained in the condition 0.1M HEPES pH 7.5, 0.8M K/Na Tartrate (Hampton
Screen | #29).

Figure 2-11. Initial crystals of the GB1y2*SIGK complex solubilized in 3-OG.
These crystals were obtained from a solution containing 20% PEG 4K, 0.1M HEPES
pH 7.5, 10% isopropanol (Hampton Screen | condition #41.
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Figure 2-12. Initial crystals of the GB1y2*SIGK complex solubilized in CHAPS.
These crystals were obtained from solutions containing 0.1M Tris pH 8.5, 30% PEG
4K, 0.2M Na-Acetate (Hampton Screen | # 22).

Figure 2-13. Optimized crystals of the GB1y2*SIGK complex solubilized in
CHAPS. These crystals came from condition ranges: 16.5-16.7% PEG 4K, 0.02-0.1
M Na-Acetate, 10-15% glycerol, and 0.1M Tris pH 8.5.
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CHAPTER THREE
Structure Determination of the Gfy2*SIGK Complex

As discussed in Chapter Two, the crystals of the GB+1y,*SIGK complex were
optimized to a size of 150u x 50u x 20u. However, the crystals did not diffract well
using rotating anode sources, necessitating the use of synchrotron radiation for
crystal screening. At the synchrotrons, the crystals of the GB+1y,*SIGK complex
presented a challenge for data collection due to their sensitivity to radiation decay,
even after cryoprotection. In addition, several factors relating to the quality of the
raw data made data reduction and structure determination challenging. In this
chapter, the basic concepts of structure determination using molecular replacement
methods will be explained; in addition, the procedures undertaken to determine the

structure of the Gp1y2*SIGK complex will be discussed.

MATERIALS AND METHODS

Data Collection and Data Reduction

Data collection was performed at the 8.2.1 beamline at the Advanced Light Source
(ALS) in Berkeley, CA using in-house software (DCS). The wavelength used was
1.0781 X (11.5 keV); the distance between the crystal and the ADSC Quantum 315
CCD detector was 250 mm. The exposure time was 30s per frame; 1° oscillation
rate per frame was used. 180° degrees of rotation (180 frames) were collected on
the crystal used for structure determination. HKL2000 was used at the 8.2.1 beam

line to assess diffraction quality, perform initial indexing, and identify data collection

87
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strategy based on the crystal orientation and initial point group determination (Minor

1997). The DENZO and SCALEPAK components of the HKL2000 program were

utilized for data reduction (Minor 1997).

|dentifying the Correct Space Group of the Gf1y,*SIGK Crystals

To identify the correct space group of the GB1y.*SIGK data set, systematic absences
were analyzed using the SCALEPAK module within HKL2000 (Minor 1997). In
addition, all possible orthorhombic space group possibilities (P222, P2224, P241242,
and P2:2424) were tested in CNS, AMoRE, and PHASER to look for productive

rotation:translation solutions.

Introduction to Macromolecular Crystallography: The Phase Problem

The goal of X-ray crystallographic analysis is to record the diffraction pattern from a
solid crystal using an X-ray source and a detector; to use these diffraction intensities
to figure out the structure of the crystal, and thus the atomic positions for each
residue in the macromolecule under consideration (McPherson 2003). The
elements of the diffraction spectra (the structure factors) for a crystal may be written

as Equation 3-1.

Fr=VZfexpi2n(r-h)

atoms
i

Equation 3-1. The structure factor equation. Fy, = Fy = structure factor; V =
volume of the unit cell; fj, the scattering factor of all the atoms (j) in a unit cell; rj, the
coordinates x;,y;,z; of the j™ atom; h, the reciprocal lattice vector.
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Derviations of all equations may be found in McPherson (McPherson 2003). The
consequence of this equation is that given the atomic coordinates of a crystal, we
can calculate the intensities at each reciprocal lattice point in the diffraction pattern
of the crystal — and the reverse must also be true. In practice, the crystallographer
utilizes the diffraction data and the structure factors to calculate the electron density
p(x,y,z) for all points within the crystallographic unit cell (McPherson 2003). This

equation takes the form of Equation 3-2.
+o0
pxyz) = 1 hZ IFra| cos[2n (hx+ky+1z) + ony
V =-00

Equation 3-2. The electron density equation. Fy, V, and h are as in Equation 3-
1. For given values of x,y,z in real space, summation is over h k | in reciprocal
space, thereby providing the running indices of the coefficients in the series.ny is
the phase angle in radians of Fy,.

This equation states that given structure factors for any point x,y,z in the unit cell and
a simple trigonometric term, one can calculate directly the value of the electron
density about each grid point. However, the difficulty lies in the fact that Fny is a
vector quantity, a complex number described by both amplitude and phase. The
detection of x-ray diffraction can only provide the amplitudes of the structure factors,

but not the phases. It is therefore necessary to supply phase information through
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various methods (heavy atom diffraction, anomalous scattering, or molecular

replacement) in order to overcome this issue and solve Equation 3-2.

Solving the Phase Problem using Molecular Replacement

The fundamental problem in structure determination using x-ray crystallographic
data is that the calculation of an electron density map requires both the diffraction
intensities collected during native data collection and phase associated with the
diffraction at each reciprocal lattice point. For macromolecular crystals this phase
information is calculated by using heavy atom diffraction, by anomalous diffraction
from selenomethionine molecule incorporation, or by using phase information from a
known structure. The last method of obtaining phase information is commonly called
molecular replacement (Grosse-Kunstleve and Adams 2001). There are many
useful discussions of the concepts involved in molecular replacement, including hard
copy references (Brunger 1997) and web based tutorials (http://www-

structmed.cimr.cam.ac.uk/course.html). The basic concept of molecular

replacement is to model the set of structure factors that define the phases and
amplitudes for each reflection, and relies on the similarity between the search model
and the target structure. If the conformation of the search model and the target
structure are similar enough, the atomic coordinates of the search model can be
used to calculate the phase component of the structure factors of the target
structure, thereby leading to an initial solution for the electron density map that will

allow for further model building and refinement. A general estimate for the degree of
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similarity needed is that molecular replacement will fail if the root mean square

differences in atomic position between the search model and the crystal structure
are greater than 1A for a structure of moderate resolution (Brunger 1997). The basic
goal of all molecular replacement software is to orient and position the search model
so that it coincides with the arrangement of the target protein in the crystal. In order
for the orientation to be correct, six degrees of freedom (three rotational variables
and three translational variables) must be determined. The three molecular
replacement protocols described below (CNS (Brunger, Adams et al. 1998), AMoRE
(Collaborative 1994; Navaza 1994), and PHASER (Storoni, McCoy et al. 2004))
differ in the way rotation and translation variables are optimized, and they score the
success of their searches using different methods. In all cases, however, the
resultant rotation and translation solutions are applied to the input search model,
forming the initial molecular replacement solution and providing initial phase
information. This information, obtained from any of the three programs outlined
below, is fed into CNS in order to compute the electron density map (Equation 3-2)
that will be used for model building and refinement (Brunger, Krukowski et al. 1990;
Brunger 1993; Rice and Brunger 1994; Adams, Pannu et al. 1997; Read 2001). The
details of map calculation are addressed after a discussion of the programs utilized

for molecular replacement.
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Using CNS for Molecular Replacement

CNS splits the positional search for the correct solution into three-dimensional
rotation and three-dimensional translation searches (Grosse-Kunstleve and Adams
2001). Most of the benchmark molecular replacement programs use this procedure,
following the original ideas of Rossman and Blow concerning the superposition of
Patterson functions to find the orientation of multiple protein chains in the
asymmetric unit (Rossmann and Blow 1962). Although a full six-dimensional search
is feasible with current computing power, it is unnecessary in order to obtain the
correct solution. The search for angular coordinates is performed using “direct
rotation” search methods in CNS (DeLano 1995). Most rotation search programs
superimpose the Patterson map computed from the search model upon the
observed Patterson map, and then a pattern matching procedure is used to compare
the quality of the overlay (see Figure 3-1 for an overview of this process). The
reciprocal space direct rotation search implemented in CNS rotates a search model
relative to the crystal unit cell and then calculates the structure factors for the rotated
search model in a P1 cell identical to the target crystal dimensions. The squared,
normalized structure factor amplitudes from the rotated search model are compared
to the observed diffraction data (Figure 3-1 and Equation 3-3). This is a
computationally expensive procedure, but allows for fewer approximations related to
the process of rotating two Patterson maps relative to each other (Grosse-Kunstleve

and Adams 2001).
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The scoring function is expressed as a linear correlation coefficient (Patterson

correlation, PC) of the observed and the calculated normalized structure factor
amplitudes (Equation 3-3) (DeLano 1995). PC refinement is then carried out, during
which molecular dynamics is used to adjust the model, followed by computation of
normalized P1 structure factors and calculation of a new correlation coefficient. This
step has been shown to increase the likelihood of success in the later translation
search (Adams, Pannu et al. 1997) and to increase the signal to noise ratio in the
resultant translation search solutions (DeLano 1995; Grosse-Kunstleve and Adams

2001).

One of the functions implemented in CNS is a fast translation function introduced by
Navaza and Vernoslova (Navaza and Vernoslova 1995). The target function for the
fast translation function is the correlation coefficient in terms of the intensities of

observed structure factors (Navaza and Vernoslova 1995).
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Crystal Search Model
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Figure 3-1. Graphical comparison of the conventional rotation function and the
direct rotation function. (A) In traditional rotation functions, the Patterson map is
calculated from a search model and rotated, and the value of Q is varied to find the
maximum value of R(Q2). The product function is shown; P = the Patterson function
for the observed data; P, = the Patterson function for the search model; r = the
integration variable; U is the volume of integration, centered at the origin; V is
volume. (B) In the reciprocal space rotation function implemented in CNS, the
model is rotated, and then structure factors from the model and the observed data
are compared using the linear correlation coefficient between squared normalized
structure factors (PC, shown below). Modified from (DeLano 1995).
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Rdirect() = PC = <|Eobs|? |Em(Q)|2 - <|Eobs|*> <|Em(§2)|2>> + {[<|Eobs|* - <|Eobs|*>*>

X <|Em@)|* - <|Em@)|*>*>1"%}

Equation 3-3. The target of the direct rotation function. The equation is a linear
correlation coefficient between the observed normalized structure factors, Eqps, and
the calculated normalized structure factors [En(Q2)]. The symbols <> represent an
average calculated over the observed reflections expanded into a P1 cell.

CC(x) = 2. my AliAIFu(x) + Ful® x [2; mu (AT x {2 mu [AIFu(x) + FR "

Equation 3-4. The correlation function in terms of structure factor intensities.
H = reciprocal space vector (h,k,l); mH, the multiplicity of reflection H, or the number

of reciprocal vectors generated by applying the symmetry operators to H; I°°%, the

observed intensities = [F°*%|?; Fu(x), the calculated Fourier coefficients; F™, the

structure factor of the model.

Implementation of the fast translation function combined with this correlation function
allows for the feasible testing for large numbers of rotation-translation solutions
(Navaza and Vernoslova 1995; Grosse-Kunstleve and Adams 2001; Navaza 2001).
The combination of a fast direct rotation search, Patterson correlation refinement,
and a fast translation search is more computationally intensive that the functions
implemented in the AMoRE program, but may allow for small subunits or less correct

search models to lead to productive solutions.
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Using AMoRE for Molecular Replacement

AMORE separates the six-dimensional search into three-dimensional rotation and
translation searches for the reasons already described. The initial position of the
model for the three-dimensional rotational search is placed with the center of mass
at the origin and the axes of inertia oriented along the crystal symmetry axis (Navaza
2001). A fast rotation function based on the work of Crowther (Crowther 1972) is
utilized to sample possible orientations of the search model. In this function the
Patterson is broken down into spherical harmonics and Bessel functions, and then
the rotation function is calculated using a fast Fourier transform (Equation 3-5)
(Navaza 2001). The direct rotation search method implemented in CNS is at least
two orders of magnitude slower in terms of CPU time than the procedure in AMoRE
(DeLano 1995); however, due to the lack of approximations used in the evaluation of
the Patterson correlations, the signal-to-noise ratio is significantly better for this

process than the AMoRE and CNS real space rotation functions (DeLano 1995).

RN(R) =QI P(rPs(R1dCr + [i Pt(r)2d3r£Ps(r)2d3r]”2

Equation 3-5. The normalized rotation overlap function utilized in AMoRE. The
equation is in real space in terms of Patterson functions. R, the rotation matrix that
superimposes the search molecule with the target crystal; Py, the observed Patterson
function; Ps, the Patterson of the search molecule. In this equation, R is in the form
of a correlation coefficient and is normalized by dividing the numerator by the norms
of the truncated Patterson functions. In practice, Ry is then converted into reciprocal
space, and elements of spherical Bessel functions and rotation parameterization are
used to convert the above equation into a form that enables the computation of R
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over a large range of test angles using two dimensional fast Fourier transforms. For
additional information, see (Navaza 2001).

The linear correlation coefficient between the observed and calculated amplitudes
(CCk) is used as the criterion to screen resultant orientations. Many configurations
are screened, as it is the relative differences between the calculated correlation
coefficients that are significant, rather than the absolute value of the correlation
coefficients (Navaza 2001). After computing correlation coefficients, the top rotation
solutions are fed into single-body translation searches (the number of rotation
solutions tested is decided by the user). The translation search is also performed
using a group of fast functions; the form of the function is determined by the user.
The possibilities for measuring the overlap between translated search models and
observed data currently include: (a) centered overlap; (b) Harada-Lifchitz; (c)
correlation coefficient; (d) phased translation with or without contributed external
phases; or (e) n-body translation with a fixed scattering contribution. The first three
models utilize centered intensities (|IH*| = |I4| - <|/u|>); the last two use structure
factors (Navaza 2001). The output of the functions are rotation and translation
coordinates, along with correlation coefficients in terms of structure factors (CCk)
and intensities (CC,) and an R factor calculation to enable the user to determine the
fit of the solution. The fast rotation and translation algorithms allow for multiple
combinations of solutions to be quickly tested allow for a fast exploration of

configuration space (Navaza 2001).
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M G
Fii= 2 2f(HMDRnOm) exp [21iH(MgTri*ty)]
m=1 g=

Equation 3-6. The calculation of structure factors in AMoRE. The sums are over
one molecule m to M independent molecules, and from g to the g" symmetry
operation. H, the coordinates of a crystal reciprocal vector; DR,On,, the rotation
matrix Ry, expressed as the orthogonalizing and deorthogonalizing matrices of R;fn,
the individual molecular scattering factors;Tr, the rotation vector; Mg, the space
group rotation matrix; tg, the space group translation vector.

Using PHASER for Molecular Replacement

PHASER builds upon the fast rotation and translation functions implemented in
AMoRE. However, PHASER differs greatly from either CNS or AMoRE in its
replacement of Patterson based methods with maximum likelihood functions, which
work on the principle that the best model is the one that is most consistent with all of
the observations (Read 2001). If the model is changed to make the observations
more statistically probable, this increases the measure of its likelihood, giving it a
better scoring function (Read 2001). In the case of molecular replacement, the
observations can be the intensities, or after conversion, the normalized structure
factors (E values) (Storoni, McCoy et al. 2004). As in the Crowther rotation function,
the likelihood-enhanced fast rotation function used in PHASER is implemented using

fast Fourier transforms to decrease computational time (Storoni, McCoy et al. 2004).
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F(k) = D*F*(k) - <D*F*>

Equation 3-7. The likelihood-enhanced rotation function. This is a scaled and
variance-weighted version of the Patterson overlap function used in the Crowther
target (Storoni, McCoy et al. 2004). D is the fraction of the calculated structure
factors which are correlated to the observed values; ,Fj, corresponds to the structure
factor component with unknown relative phase of the rotating molecule j.. Athough
formally there are contributions I'(h) and I°(k) in the series expansion of the Wilson
likelihood function, in practice only the above symmetry related contribution is
needed as a target (Storoni, McCoy et al. 2004).

PHASER reports the rotation functions as log-likelihood gain scores, which can be
understood as the difference between the score from a molecular replacement trial
and the score from a set of random atoms (Storoni, McCoy et al. 2004). The same
sort of likelihood function is then applied to the translation function, together
providing a very fast and extremely powerful tool to pull out molecular replacement
solutions using partial or dissimilar search models. This is due to the fact that the
likelihood-enhanced targets are more sensitive to the correct orientation of the

search model than the traditional Crowther functions (Storoni, McCoy et al. 2004).

In conclusion, molecular replacement succeeds in many cases, resulting in
interpretable electron density. When molecular replacement fails utilizing one
software suite, switching to another program may allow the user to find a rotation
and translation solution due to the different methods used to find and score solutions

in the different programs. In addition, changes to the initial search model should



100
always be considered, as small differences in loops or secondary structural

elements may result in failed molecular replacement trials.

Model Refinement

Model refinement was accomplished using the CNS suite (Brunger, Krukowski et al.
1990; Rice and Brunger 1994; Adams, Pannu et al. 1997). First, an anisotropic B-
factor correction was applied, and then torsional simulated annealing was performed
on the model. Next, coordinate and individual B-factor minimization was done.
Target sigma values on main chain and side chain bonds and angles for restrained
B-factor refinement were not changed from default values until the final stages of
refinement; and the weight for B-factor restraints (Rweignt) Was optimized in the final
stages of model refinement. The refinement target was a maximum likelihood target
using amplitudes and phase probability distribution; the W, weight for the X-ray term

was optimized in the final stages of refinement.

Map Calculation

The map calculation was accomplished utilizing the CNS program. Sigma-A
weighted maps (Read 1986) were calculated using 2Fo-Fc or Fo-Fc coefficients.

These maps were calculated after each round of refinement.
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Model Building

Model building was accomplished using the program O (Jones, Zou et al. 1991).
Initially a polyalanine model was utilized to fit the observed electron density for the
SIGK peptide. Then the correct sequence was substituted for the polyalanine
model, based on the identification and orientation of the electron density for a few
clear side chains (Lys4, Phe6, and Tyr11). R and Rsee Were monitored after
refinement of each new model, and the quality of the resultant 2Fo-Fc and Fo-Fc
cA-weighted maps were used after each model change to assess the quality of the

new crystallographic model.

Model Validation

To validate the final crystallographic model, the program PROCHECK was used
within the CCP4 suite in order to assess the distribution of residues in the
Ramachandran plot, and other statistical parameters including main chain and side
chain bond lengths and angles, and planarity of aromatic rings. In addition, the
model validation portals STAN and MolProbity

(STAN:_http://xray.bmc.uu.se/cgi-bin/gerard/rama_server.pl;

MolProbity: http://kinemage.biochem.duke.edu/molprobity/index-king.html)

were used to identify possibly ambiguous geometry and incorrect rotamer

assignment, among other validation testing.
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RESULTS AND DISCUSSION

|dentifying the Correct Space Group for GB1y,*SIGK Crystals with PHASER

The initial auto-indexing results from HKL200 indicated the GB1y,*SIGK complex had
crystallized in an orthorhombic point group (P222) with cell constants of a= 45.462
A, b=74.446 A, c=107.922 A, and a=p=y=90°. The Matthews coefficient (Vi)
(Matthews 1968) was then calculated to estimate the solvent content and the
number of molecules in the unit cell. Vy, is the ratio of unit cell volume to protein

molecular weight and has units of A*/Dalton:

V.= unit cell volume
m M, xZ

where M, is the molecular weight of the protein and Z is the number of protein
monomers in the unit cell. For most protein crystals in the range of 40-60 kDa, Vp, is
between 2.0 and 3.5 A*/Dalton (Kantardjieff and Rupp 2003). For the Gfy2*SIGK
crystals, Vm was 1.98 A%Dalton, corresponding to a solvent content of 38% for one

molecule in the asymmetric unit (four molecules in the unit cell).

To identify possible screw axes, the systematic absences along each two fold axis in
the crystal were analyzed after integration and scaling of the raw data. This is the
standard method for assigning the space group of a crystal, although several factors

can obscure systematic absences thereby leading to mis-assignment of the space
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group. For this reason, the user is allowed in HKL2000 to reindex and scale the

data set in all possible space group settings allowed for a particular point group, and
then utilize this data in the next step of structure solution. In the case of the
GB1y2*SIGK complex, the initial space group was assigned as P222, based on the
systematic absences (Table 3-1), although the possibility that the correct space
group was P242:12 was not discounted. Due to this ambiguity, all possible
orthorhombic space groups (P2224, P24242, P2121241) were used in molecular

replacement trials.
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Intensities of systematic absences
h k | I ao(l) Vo(l)
0 0 3 9.5 50 1.9*
0 0 5 5.2 5.6 0.9
0 0 7 23.6 8.6 2.7*
0 0 9 50.7 135 3.7
0 0 11 53.8 135 4.0
0 0 13 2584 17.3 14.9*
0 0 15 211 135 1.6
0 0 17 106 144 0.7
0 0 19 90.3 18.8 4.8*
0 0 21 263.7 242 10.9*
0 0 23 692.8 32.7 21.2*
0 0 25 23 307 0.1
0 0 27 251.8 409 6.2*
0 0 29 -19.3 364 -0.5
0 0 35 90.6 448 2.0*
0 0 37 13.3 52.2 0.3
0 3 0 10.8 9.9 1.1
0 5 0 185 15.0 1.2
0 7 0 3.0 20.0 0.2
0 9 0 70.5 272 2.6*
0o M1 0 641 316 2.0*
0 13 0 -25.7 303 -0.8
0 15 0 415 420 1.0
0 17 0 -30.2 446 0.7
0 19 0 749 69.8 1.1
0 21 0 976 86.3 1.1
0 23 0 558.9 146.5 3.8*
0 25 0 14.3 66.3 0.2
0 27 0 -236 510 -0.5
3 0 0 42.6 52 8.2%
5 0 0 25.0 6.5 3.8*
15 0 0 -1.2 143 -01

Table 3-1. Systematic absences along the three axes of the SIGK+Gp4y, data
set used for structure determination. | = intensities; ¢ = standard deviation. 1/o(l)



105

values greater than 1.2 are starred. A preponderance of these values indicates the
lack of systematic absences along that axis.

It is symptomatic of an incorrect space group assignment for a rotation solution to be
found in molecular replacement, but for translation functions to fail. This is due to
the fact that all rotational search algorithms search for solutions in P1 space, and is
therefore independent of the space group of the data set. The particular space
group plays into the translation function solution; if the space group is incorrectly
assigned, the translation functions will encounter steric clashes when expanded out
from the single molecule solution, thereby leading to unproductive phase calculation

and uninterpretable electron density.

In the case of the initial structure solution of the Gf1y2*SIGK complex, attempts to
find a correct translation function using either CNS or AMoRE failed, although both
rotation algorithms seemed to find unique and well-correlated solutions. The initial
search model consisted of the full structure of the GB1y2 heterodimer as found in the
GRK2+GB+y2 complex (1OMW (Lodowski, Pitcher et al. 2003)). This model was
used because it was crystallized in the presence of the wild type lipid modification to
the Gy, molecule, and in the presence of the detergent CHAPS, making it the most
similar search model to the proteins found in the SIGK+GB4y2 complex. Alternate
space groups were tested; P222, P222,, and P24242 were all screened, to no avail.
Finally, a lower symmetry space group was tested, in the hope that two of the two-

fold symmetries were pseudosymmetric. However, P2 and P2, did not yield useful
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solutions either. In the end, the initial G1y2*SIGK structure was solved utilizing four

complexes in the asymmetric unit, in the triclinic space group P1. This configuration
led to a reasonable refinement, with the final model having R and Rse values of
22.4% and 27.3%, respectively, and other measures of model validation showing
good agreement with published structures. After having completely solved the
SIGK*Gp1y2 structure, it was possible through changes to the search model (using
coordinates from the Gay heterotrimer or using coordinates removing all helical
structure of G and all of Gy) and data scaled in the correct space group to find low-
signal translation functions in AMoRE which led to noisy electron density. However,
for these solutions no density for the SIGK peptide could be discerned. Although the
GB1y2*SIGK model could be successfully solved in the P1 space group, it was
preferable to define a higher symmetry group for the crystal since the initial indexing
information suggested an orthorhombic arrangement of molecules in the crystal.
Indicative of a truly orthorhombic space group, «, 3, and y angles refined to nearly
90°in P1 (¢=90.03, B = 90.03, y = 89.82). In addition, the NCS (non-crystallographic
symmetry) operators utilized in the refinement of the P1 structure fit the rotational
requirements of two-fold symmetry along all three axes, although the translational
relationship between the four molecules in the asymmetric unit did not precisely fit

any of the possible screw axes of the orthorhombic space groups (Figure 3-2).



Figure 3-2. The arrangement of molecules in the P1 model. The four molecules
in the asymmetric unit are shown in (A) blue, (B) yellow, (C) red, and (D) green. 2-
fold rotational axes relate the four molecules to each other with RMSDs of 0.1 A.

PHASER is a relatively new molecular replacement program, and informal reports in
the crystallographic community reported a high degree of success on “difficult”
structure determination. In an attempt to test the new program, the same data set
was probed with the TOMW search model which had failed to produce a reasonable
rotation:translation solution using CNS and AMoRE in orthorhombic space groups.
Since PHASER uses fast rotation and translation algorithms, multiple space group
possibilities can be tested automatically within a single run; therefore, the program
was asked to search for any possible orthorhombic solution. Within fifteen minutes

PHASER had detected a single solution in space group P242424 with a very high log-



108
likelihood score, which then refined to an R value of 27% after a single round of

simulated annealing. The map obtained from this model showed clear electron
density for the SIGK peptide, although this was not part of the search model. After
multiple rounds of model building and refinement, the final statistics for the
SIGK+Gp1y2 structure determined in space group P24242¢ are listed in Table 3-2.
The single molecule in the P2412121 asymmetric unit is not in a distinct conformation
from any of the four molecules in the P1 asymmetric unit, and therefore solving the
structure in the orthorhombic space group did not yield any additional insight into the
SIGK+Gp1y2 interaction. It did, however, provide a comparison between CNS,

AMORE, and PHASER in their ability to find correct molecular replacement solutions.

A complete analysis of the GB1y2*SIGK structure is the subject of Chapter Four.



109

Data Collection
Space group P2:2124 Unique Reflections 9574
Unit cell Redundancy 3.5(1.8)
a(A) 45.468  Completeness (%)' 90.1 (56.2)
b 74.669 <llo>" 13.5(1.6)
c 108.023 Reym ™ 8.7 (41.4)
a (%) 90 Mosaicity (°) 2.3
B 90 Wilson B-factor (A?) 61.8
Y 90
Dumin (A) 2.7
Refinement
Resolution (A) 45.4-27 R.M.S. deviations
Number of atoms® Bond lengths (A) 0.006
Protein 3059 Bond angles (°) 1.3
Water 37 R.M.S. B-factors (A?)
Bonded main chain 1.29
Ruork (%) 22.7 Bonded side chain 1.81
Riree (%)° 28.7  Average B-factor (A?)° 46.3

Table 3-2. Refinement statistics for the SIGK*Gp1y2, complex.
'"Numbers in parentheses correspond to the highest resolution shell, 2.8-2.7 A.

“Reym = Zh 21 |li(h) - <I(h)>| / £ =, li(h), where Ii(h) and <I(h)> are the i"" and mean
measurement of the intensity of reflection h, respectively. * The final model contains
residues 2-340 of G4 (of 340), 7-52 of Gy, (of 68), 1-13 of SIGK (of 15), and 37
water molecules. “Ruork = = [|[Fo(h)] - [Fe()]| / £ 1 |Fo(h)], where Fo(h) and F(h) are
the observed and calculated structure factors, respectively. An I/ cutoff was not
used in the final calculations of R-factors. °Ryee is the R-factor obtained for a test set
of reflections consisting of a randomly selected 8% of the data. °B-factors at the N-

termini, including G residues 2-41 and Gy, residues 7-13, are greater than 80 A?.
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CHAPTER FOUR
Structural Analysis of the GB1y2*SIGK Complex

After solving the structure of the GB+1y,*SIGK complex as outlined in Chapter Three,
the structure was used to analyze the biological effects of the SIGK peptide in a
structural context. In addition, the structure of the GB1y,*SIGK complex led to a
comparison to the other crystal structures of GBysprotein complexes; although the
SIGK peptide has no relationship to a known Gy target protein by sequence, it
accesses the “top” face of Gp in a way very similar to other Gy binding proteins.
Finally, the idea of G as a “hot spot” for protein interaction was analyzed, and
conclusions about the molecular mechanism by which Gp interacts with diverse

sequences and structures were drawn.

MATERIALS AND METHODS

Structure Comparison

Structural superpositions were performed using PyMol (http://www.pymol.org) using

Gp residues 40-340 (which includes the B propeller structure but not the N terminal
helix). Ca atoms were used for superposition. These superpositions output a global
RMSD fit for all atoms used in the alignment, used to calculate conformational
flexibility measurements. All GB complexes were compared to a structure of

unbound GB4y1 (1TBG) unless otherwise noted.
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Sequence Alignment

Sequence alignment of mammalian G subunits (human, mouse, and rat species)
was carried out using the output from CLUSTAW, formatted using PrettyPlot (part of
the EMBOSS suite, (Rice, Longden et al. 2000)). The input G sequences were

obtained from the NCBI database (http://www.ncbi.nIm.nih.gov/Entrez/index.html).

Calculations of Surface Accessibility, RMS Deviations, and B Factors per Atom

Programs in the CNS suite were utilized to measure surface accessibility, RMS
deviations, and B factors per atom. Total surface accessibility was calculated on a
per atom basis using a calculation based on Lee & Richards (Lee and Richards
1971). The probe radius was 1.4 A. RMS deviations were calculated on a per atom
basis with the criteria outlined in the section on structure comparision. B factor
distributions were calculated using CNS; the average B factor was calculated for

each residue, and also for the main chain and side chain atoms in each residue.

Software for Creating Molecular Graphics and other Figure Types

GRASP (Nicholls, Sharp et al. 1991) was utilized to calculate surface electrostatic
potential for the Gy heterodimer. All other figures were generated using PyMOL

(http://www.pymol.org).
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Mutational Analysis of G4

All GB1 mutants were made in the baculovirus transfer vector PDW 464 which
biotinylates the protein in vivo specifically at a lysine upstream of the amino terminus
of GB4. All mutants were generated by overlap extension PCR using standard
protocols. Baculoviruses were generated via the Bac-to-Bac system following the

manufacturer’s instructions (Gibco). This work was done in the lab of A. V. Smrcka.

Small Scale Partial Purification of Biotinylated GB1y, (b-By) and GB1y, Mutants

Two hundred milliliter cultures of Sf9 cells were triply infected with baculovirus
encoding (His)s-Gai1, Gy2 and either wild type or mutated GB1 subunits. GpB1y2
dimers were purified 60 hours after infection using a modified method based on that
of Kozasa and Gilman (Kozasa and Gilman 1995). Cell pellets were lysed in 4ml
lysis buffer (50mM HEPES pH 8, 3 mM MgCl,, 10 mM p-mercaptoethanol, 1mM
EDTA, 100 mM NaCl, 10 uM GDP and protease inhibitors) by freeze-thawing four
times in liquid nitrogen. Membranes were pelleted by centrifugation at 100,000xg for
15 minutes and bound proteins were extracted by resuspending the membranes in 4
ml of extraction buffer (50 mM HEPES pH 8, 3 mM MgCl,, 50 mM NaCl, 10 mM -
mercaptoethanol, 10 uM GDP, 1% cholate and protease inhibitors) and mixing at 4
°C for 1 hour. The suspension was centrifuged at 100,000xg for 15 minutes and the
supernatant was diluted five-fold with buffer A (50 mM HEPES pH8, 3 mM MgCly,

10mM B-mercaptoethanol, 100 mM NacCl, 10 uM GDP, 0.5% Lubrol and protease
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inhibitors). 800 uL of pre-washed Ni-NTA resin (Qiagen) was added and mixed at 4

°C for 1 hour. The beads were pelleted by centrifugation and washed three times
with 3 ml of buffer A containing 300 mM NaCl and 5 mM imidazole. Gp1y, subunits
were eluted from bound Ga;q by mixing the beads with 1ml elution buffer (Buffer A +
150mM NacCl, 5mM imidazole, 50 mM MgCl,, 10 mM NaF, 10 uM AICl; and 1%
cholate) at room temperature for 1 hour. Concentrations of eluted b-fy dimers were
determined by comparing to a standard curve of fully purified 100% biotinylated
GB1y2. Proteins were separated by SDS-PAGE, transferred to nitrocellulose and
probed with HRP-neutravidin (Pierce). Membranes were exposed to developing
reagents and the amount of chemiluminescence was measured using an Epi-Chem
Il Darkroom system from UVP Bioimaging Systems. The amount of biotinylated By
was determined by comparing to the standard curve. The concentration of each
mutant was determined from at least two separate gels. This work was done in the

lab of A. V. Smrcka.

Phage ELISA

Phage ELISA assays used to assess peptide binding to wild-type and mutant Gy
subunits were performed as described. Briefly, 1 pmol of b-By subunits per well
were immobilized on a streptavidin coated 96 well plate. Immobilized b-py subunits
were incubated with 1x10'° phage 3.14 (f88 phage displaying the peptide sequence
SIGKAFKILGYPDYD) or an equal number of f88 phage as a control. The presence

of phage was determined by adding 1:5000 dilution of HRP conjugated anti-M13
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antibody (Pharmacia) and measuring the absorbance at 405 nm after the addition of

ABTS to elicit a colorimetric reaction. Signals obtained with partially purified b-By
subunits were similar to signals obtained from fully purified b-py subunits (data not

shown). This work was done in the lab of A. V. Smrcka.

Determination of Ga,1*GB1y2 Interactions by Flow Cytometry

Blocking of Ga*Gp1y2 binding was assessed by simultaneously adding 200 pM
FITC-Ga; with or without SIGK to 50 pM immobilized b-B1y, and measuring the
amount of FITC-Ga; bound to the beads by flow cytometry as previously described

(Sarvazyan, Remmers et al. 1998; Goubaeva, Ghosh et al. 2003). This work was

done in the lab of A. V. Smrcka.

RESULTS AND DISCUSSION

Overall Structure of the GB1y2*SIGK Complex and Mutational Analysis of the SIGK

Interface

In the following text, amino acid identifiers prefixed with “s” refer to SIGK residues
and otherwise to Gai1 residues. G+ is a B-propeller composed of seven four-
stranded B-sheets (“blades”) and an N terminal extended helix that interacts
extensively with Gy, (Figure 4-1). Each sheet is composed of WD-40 repeats

connected by loops of variable length. Residues 2-340 are included in the model. B
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factors throughout the core of Gp; are less than 40 A2. B factors > 60 A? are found

in three loop regions: Lys127 - Ser136 in blade two, Arg214 — Met217 in blade four,
and Ser265 - 11e269 in the loop connecting blades six and seven. Gy, forms a helix
with a kink made by residues Asn24 - Lys29 and a coil region beginning at residue
His44 (Figure 4-1). The average B factor within the Gy, molecule is 44 A%2. No
electron density is observed for the N terminal seven residues and the C terminal

sixteen residues of Gyz or the prenyl lipid modification at the C terminus of Gys.
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Figure 4-1. Structure of the peptide SIGK bound to the Gy, heterodimer. (A)
Stereo view of representative cA-weighted annealed 2Fo-Fc electron density,
contoured at 1. The region shown is centered on the peptide N terminal binding
site. SIGK peptide is shown in pink, G+ in blue. B) Stereo view of the Ca trace of
the GB+1y2*SIGK complex. SIGK is colored pink; GB1, blue; and Gy,, purple. (C) Two
views of the GBy*SIGK complex, shown in ribbon representation. The two
representations are related by -90°. Coloring is the same as in (B). The N and C
termini of SIGK, G4, and Gy, are labeled. On the left panel, the seven blades of
GpB+ are labeled following the convention of Wall et al. (Wall, Coleman et al. 1995;
Wall, Posner et al. 1998).
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SIGK forms an a-helical structure broken by a glycine at position 10 (Figure 4-1).
The C terminal three residues form an extended structure that stretches away from
the GB1 molecule and is supported by crystal contacts between sPro12 and sAsp13
with Thr47 and Lys337 from a symmetry-related G4 molecule. The B factors for the
N- (sSer1, slle2) and C terminal (sGly10-sAsp13) residues of SIGK are greater than
50 AZ; all other residues are between 30-50 A2. The electron density for the main

chain atoms in residues 1-13 are well-defined; two SIGK side chains that do not
contact GB4 (sLys7 and sAsp13) are disordered, and slle2 is partially ordered. The
peptide binds across the “top” face of GB+ (Figure 4-1) and buries 970 A? total
solvent-accessible surface area. The peptide makes no contact with the Gy,
subunit, which is bound to the “bottom” surface of the G torus. The SIGK contact
surface on G can be separated into two regions: an acidic region on G4 that
interacts with the N terminus of the peptide, and a largely nonpolar region that

interacts with the C terminus of the peptide (Figure 4-2).
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Figure 4-2. Electrostatic potential of GB1y.. Gp1y2 is shown as a molecular
surface color-coded according to electrostatic potential as calculated using GRASP
(Nicholls, Sharp et al. 1991). The range of values is from -15 kT (red) to +15 kT
(blue), where k is the Boltzmann constant and T is the temperature in Kelvin. SIGK
peptide is shown as a Ca trace. The negatively charged surface surrounding the N-
terminal region of the peptide and sLys4 (arrow) stands in contrast to the relatively
uncharged surface where the C terminal residues of SIGK bind.

In total, thirteen G4 residues directly contact SIGK, contributed by six of the seven
blades of the B-propeller (Figure 4-3 and Table 4-1). The N terminal binding surface
is centered on an electrostatic interaction in which sLys4 projects into a negatively
charged binding pocket on GB+y2 where it forms hydrogen bonded or charge
interactions with Asp228, Asn230, and Asp246 (Figure 4-4). A hydrogen bond
between the carbonyl oxygen of Asp228 and the main chain nitrogen of Asp246
helps stabilize the three acidic residues on GB1. Met188 participates in van der

Waals interactions with the alkyl chain of sLys4, and Asp186 forms a polar
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Ser1

lle2

Lys4

Figure 4-3. Graphical representation of the contacts between Gf1 and SIGK
peptide. Residues from G4 are shown in blue in the middle column, flanked on the
left and right columns by N and C terminal residues of the SIGK peptide,
respectively. Polar contacts are represented by black dashed lines; nonpolar
interactions are shown in grey unbroken lines.
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Contacts at the GB4: SIGK Interface

GBNntgracting SIGK in.teracting Distance (A) Type Qf
residue residue Interaction
Ce Leu9 @) 3.35 Nonpolar
LysS7 Ce Gly10 Co 3.99 Nongolar
Tyr59 OH Leu9 0 2.66 Polar
Ce lle8 @] 3.87 Nonpolar
Ne1 Tyr11 OH 2.81 Polar
Trp99 Ca1 Lou Co2 3.59 Nonpolar
Val100 (0] Leu9 Cd2 3.75 Nonpolar
Ce lle8 Cy2 3.46 Nonpolar
Met101 Ce Ala5 0] 3.52 Nonpolar
Ce Leu9 Cs2 3.54 Nonpolar
Co1 lle2 Cy2 3.46 Nonpolar
Leu117 Co2 Alab Cp 3.68 Nonpolar
C&2 Leu9 Ca1 3.80 Nonpolar
Ce2 Ser1 @) 3.19 Nonpolar
Tyr145 OH Lys4 Cy 3.45 Nonpolar
Cs2 Alas Cp 3.81 Nonpolar
Asp186 062 Ser1 0] 3.03 Polar
Ce lle8 Ca1 3.31 Nonpolar
Met188 Ce Lys4 Ce 3.48 Nongolar
Asp228 052 Lys4 NE 3.23 Polar
Asn230 N32 Lys4 NE 2.82 Polar
Asp246 052 Lys4 Ng 3.05 Polar
2 lle8 @) 3.12 Nonpolar
Trp332 gﬁz Gly10 Ca 3.57 Nongolar

Table 4-1. Description of the SIGK binding site on GB+. Residues on G4 that
are within 4A of SIGK are listed.
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contact with the carbonyl oxygen of sSer1 and also makes a hydrogen bond to the

amide of Cys204. Additionally, Tyr145 forms van der Waals interactions with the
main chain oxygen of sSer1, the sLys4 side chain, and the Cp3 atom of sAla5, and
forms a hydrogen bond with the nearby amide of Gly162. The side chain of Leu117
is within van der Waals contact distances of the side chains of slle2 and sAla5.
Together, these nine G4 residues form a surface that tethers SIGK to G4 using

charged and nonpolar interactions.

Figure 4-4. The N terminal SIGK interface with GB4. sLys4 of SIGK (pink) points
into a highly acidic pocket on G4 (teal) centered around Asp228, Asn230, and
Asp246 of GB4. Oxygen, nitrogen and sulfur atoms are colored red, blue and
orange, respectively. Residues that form main chain interactions are represented
with their main chain amide and oxygen visible.
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Published mutational analysis of SIRK and SIGK peptides can be interpreted in the

context of the SIGK<Gp4y, structure (Scott, Huang et al. 2001; Goubaeva, Ghosh et
al. 2003). Wild-type SIRK peptide inhibits the activation of PLC 2 by GB4y2 with an
ICs0 of 5uM. Substitution of sLys4 to alanine in the SIRK peptide lowers the I1Csq of
the peptide 12-fold, and mutation of sAla5 to glycine lowers the ICsq by 13-fold.
Mutation of slle2 to alanine reduces ICs, of the peptide by 4-fold, and mutation of
sSer1 to alanine has no effect on ICsy (Scott, Huang et al. 2001). The SIGK*GB1y2
structure indicates that the main chain of sSer1 and the side chains of slle2, sLys4,
and sAla5 are contacting multiple resides on Gp, thereby explaining this mutational

data.

To measure the contribution of the G4 residues observed at the GB1y2*SIGK
interface to the binding energy for the complex, two approaches were utilized. First,
an ELISA assay was used to measure binding of immobilized G4y, subunits to
phage displaying the SIGK sequence (Figure 4-5). The ELISA binding data were
then correlated with ICsy values for SIGK as a competitor of GB+y, association with
Goai¢ (Figure 4-5). Both assays were then carried out with G4y, heterodimers
containing mutations in the G4 subunit. In the N terminal binding surface, mutation
of G4 Asn230 to alanine decreases the affinity of G4y, for peptide 10-fold (Figure
4-5). Single mutation of GB residues Asp186, Met188, Tyr145, and Leu117 to

alanine also resulted in GB1y, dimers with drastically decreased affinity for SIGK
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(Figure 4-5). GpB4 mutants in which either Asp228 or Asp246 were substituted with

alanine did not dimerize with Gy, and so were not be analyzed in this study.
However, a mutant where Asp228 was substituted with serine caused only a slight
loss in binding affinity for SIGK peptide (Figure 4-5). Clearly, many of the Gj4
residues which comprise the N terminal SIGK binding interface are contributing

strongly to the energy of binding.
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Figure 4-5. Binding of SIGK peptide to GB1y, mutants. (A) Amino acids that
contact the SIGK peptide were individually mutated to alanine and binding to peptide
was assayed using a phage ELISA. Data shown is the mean +/- SD of triplicate
determinations from three independent experiments. Blue bars represent mutants
for which binding is statistically different from wild type (p<0.001 as determined by a
one-way ANOVA followed by a Bonferroni’s post test). Grey bars represent data
statistically identical to wild type. (B) SIGK competition for FITC-Gai11y2
interactions with representative G4 subunit mutants. Data is shown as the mean of
triplicate determinants +/- standard deviation of a representative experiment. The
experiment was repeated two (Met188A) or three (wild type, Arg314A, Trp332A)
times with similar results. Comparison of the two assays over a selection of mutants
that spanned the range of SIGK binding affinities indicates that a 50% loss of binding
translates into a five-fold increase in ICsp, a 75% loss of binding corresponds to a 10-
fold increase, a 90% loss is a 20-fold shift and a 98% loss is a 50 fold shift. The ICsg
values are as follows: wild type = 0.47 uM, Arg314A = 1.5 uM, Trp332A = 9 uM,
Met188A = 22 uM. This work was done in the lab of A. V. Smrcka.
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The second area of binding involves most of the C terminal residues of SIGK (sAla5

—sGly11), which pack against a largely hydrophobic pocket on G4 (Figure 4-6).
This pocket extends 11A from Trp332 on blade seven to Met188 in blade two. Eight
GpB+ residues are in direct contact with the C terminal surface of SIGK, and two more
Gp1 residues support the residues directly involved in the SIGK interaction. Met188,
which interacts with sLys4 in the N terminal interface, is also within contact distance
of the side chain of sLeu8 (see Figure 4-4 and Figure 4-6). SIGK residues sAla5,
sLeu8 and sLeu9 are complimented by van der Waals interactions with Leu117,
Met101, Trp99, Tyr59 and the alkyl chain of Lys57. The main chain oxygen of
Val100 interacts with the side chain of sLeu9. The indole imine of Trp99 forms a
hydrogen bond with the hydroxyl group of sTyr11 and the side chain of Trp332
makes contact with the main chain oxygen of slle8 and the Ca of sGly10. The side
chains of Lys57 and Arg314 are positioned on either side of Trp332 and support its
orientation in the binding site. Arg314 also forms a hydrogen bond with Trp332, and
Lys57 with the nitrogen of GIn75, further stabilizing this interaction surface on Gp1
(Figure 4-6). Data from alanine scanning of the peptide validate these structural
observations (Scott, Huang et al. 2001; Goubaeva, Ghosh et al. 2003). Mutation of
slle8, sLeu9 or sGly10 to alanine increases the ICs, for inhibition of PLC activation
by 40-fold (5 uM to 200 uM), 60-fold and 12-fold, respectively (Scott, Huang et al.
2001). The same mutation of sLeu9 also blocks the ability of SIRK to enhance

ERK1/2 phosphorylation in RASM cells (Goubaeva, Ghosh et al. 2003).
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Figure 4-6. The C terminal SIGK interface with GB4. Residues sAla5 - sTyr11
from SIGK (pink) form an extensive interface with the mainly hydrophobic top
surface of G (teal). Note that Met188 and Met101 are also involved in the N
terminal interface and are shown in Figure 4-4.

Mutation of all the amino acids in G4 that constitute the SIGK C terminal binding
surface that were tested cause a loss in affinity for the SIGK peptide, although to
different extents (Figure 4-5 and Figure 4-7). Mutation of Leu117, Met188, or
Trp332 to alanine nearly abrogates SIRK binding; mutants of Lys57, Tyr59, Met101,

and Arg314 have more modest effects (Figure 4-5 and Figure 4-7). The Trp99
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mutation results in a 4-fold decrease in affinity. A summary of all the G4 mutations

made in the current study and their effects on SIGK binding affinity is represented in
Figure 4-7. Considering all of the data for the N terminal and C terminal SIGK
binding interfaces, seven of the fifteen residues of the SIGK peptide and ten of the
twelve Gp residues tested contribute significant binding energy to the interface, in

good correlation with the structural model.

Figure 4-7. Analysis of the common protein interaction surface of Gp.
Residues mutated in the present study are shown in relation to the SIGK peptide.
The N- and C- termini of the SIGK peptide (pink) are labeled. Residues of Go that,
when mutated to alanine, result in 75 - 100% loss in affinity for SIGK are colored red;
a 50 - 75% loss, orange; a 25 - 50% loss, green; a 0 - 25% loss, blue; no effect,
black. The Asn246 mutation is to serine, not alanine.



129
Comparison of the GB1y2*SIGK Complex to Unbound GfB1y1

The binding surface of GB1 in the GB1y2*SIGK complex is not significantly changed
upon SIGK binding. The RMSD between the core residues of GB1 in the G1y2*SIGK
complex and that in the uncomplexed Gy heterodimer (1TBG (Sondek, Bohm et
al. 1996); Val40-Asn340, Ca only) is 0.88 A. However, the side chains of Trp99,
Tyr59, Asp228, Leu117 and Met101 rotate to accommodate SIGK such that atoms
within these residues undergo maximum displacements of 4.0A, 3.6A, 2.9A, 2.8A
and 2.3A, respectively, relative to their positions in uncomplexed Gp. The B-factors
for residues in the SIGK binding surface are close to the overall average for the
complex. However, the B-factor for Trp99 is reduced two-fold upon binding to SIGK,
as indicated by comparison of normalized B factors of the respective structures. In
this analysis, there are no large conformational changes or disorder to order
transitions in G upon SIGK binding. In addition, the SIGK<GB4y, complex may be
compared to those of five Gf1y2 complexes with protein targets: the GB1y2*Gaui
heterotrimer (1GG2) (Wall, Coleman et al. 1995; Wall, Posner et al. 1998) and the
GB1y1*Gayi heterotrimer (1GOT) (Lambright, Sondek et al. 1996), the
GB1y1ephosducin complex (1AOR and 2TRC) (Gaudet, Bohm et al. 1996; Loew, Ho
et al. 1998), and the Gp1y2*GRK2 complex (1OMW) (Lodowski, Pitcher et al. 2003).
Superposition of the GB1y2*SIGK complex with each of these structures yields
average RMS deviations for GB4 residues 40-340 of less than 1.0 A (Ca only). The

GpBy heterodimer does not undergo significant structural rearrangement in order to
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bind any of the protein targets seen to date, nor does it in the GB1y2*SIGK structure

Trp99 \
W Tyr59

Leu117 et101

$

(Figure 4-8).

Asp22

A /] |

Figure 4-8. The structural changes in Gf induced by SIGK binding.
Superposition of the unbound G+ structure (1TBG) and G4 as found in the
GB1y2*SIGK structure was done in PyMOL using residues 40-340. Unbound G+ is
shown in white and G from the SIGK complex in cyan. Residues in the SIGK
binding site are shown with side chains in stick representation; all other residues are
shown as Ca only. Residues with significant side chain deviation relative to the
mean are labeled.

Residues in the G4 Binding Site Contact the SIGK Peptide and Signaling Protein

Targets

The SIGK peptide interacts with residues of G4 that are utilized by several GBy

binding proteins. For example, Lys57, Tyr59, Trp99, Met101, Leu117, Tyr145,



131
Met188, Asp246, and Trp332 from G are involved in contacts with the GRK2 PH

domain in the crystal structure of the GB1y2*GRK2 complex, and all of these residues
of GB4 are involved in SIGK contacts as well (Table 4-2). This is in spite of the fact
that the secondary structures of the PH domain that contact G4 (the RH-PH loop,

the aCT region, and B4 strand) are completely dissimilar to the purely helical SIGK

peptide (Figure 4-9) (Lodowski, Pitcher et al. 2003).

Figure 4-9. Superposition of the GRK2+Gfy complex. In (A), the full structure of
GRK2 (orange) is shown in complex with GB1y2 (GB+ is teal, Gy, is lilac). The
complex is superimposed onto G4y (1TBG). In (B), the GRK2+GB1y, complex is
superimposed onto the SIGK+*G1y2 complex, and a view of the SIGK interface is
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shown. In (B), GRK2 is orange, GB1 from 1OMW is white, GB1 from 1XHM is teal,
and SIGK is in pink.

This theme is recapitulated in the complex of G4 with phosducin (Loew, Ho et al.
1998) where a common subset of G4 residues contacts a binding partner with
different secondary structure from GRK2. All but one residue of the SIGK binding
interface on G is also a contact residue for phosducin, with Val100 being the only
exception. Phosducin binds the top face of G using secondary elements in a

completely different orientation than SIGK (Figure 4-10).
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Figure 4-10. Superposition of the phosducin*GBy complex. The coloring scheme
is roughly the same as in Figure 4-9, except phosducin is in green in (A) and olive
green in (B).
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Notably, the switch Il region of Gais forms an a-helix that is bound in almost the
same orientation as the SIGK peptide (Figure 4-11). However, switch Il of Gayi has
no sequence similarity to the SIGK peptide, although it contains a lysine (Lys210)
which is oriented in almost the same position as sLys4 (Figure 4-11) (Wall, Posner

et al. 1998).

A

> =2
>l
&9 C Go K210

s SIGK K%;Qa K209 GRK2 K667

GB M188 ;:'

GB N230 \GB D246

Gp D228

Figure 4-11. Superposition of the Gapy heterotrimer. The coloring scheme is
similar to that in Figure 4-9, except that Gai4 is in dark pink and Ga; is in olive green.
In (C), side chains from G (teal), SIGK (light pink), Gai1 (dark pink), and GRK2
(orange) are shown in the N terminal SIGK binding interface.
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The top face of Gf is able to bind disparate sequences and structures without

undergoing large conformational changes (Figures 4-8 through 4-11). However, the
same residues of G are utilized in the top face in order to accomplish this binding.
If mutational data for Gy targets PLC 2, adenylyl cyclase, and GIRK and CCa1B
calcium channels are analyze along with the structural information, the footprint of
SIGK upon G is similar to the footprints of these signaling targets (Figure 4-12)
(Ford, Skiba et al. 1998; Li, Sternweis et al. 1998; Agler, Evans et al. 2003). Of the
thirteen residues from Gp4 that comprise the SIGK contact surface, nine (Lys57,
Tyr59, Trp99, Met101, Leu117, Tyr145, Met188, Asp246, and Trp332) are also
found as contacting residues in the Ga, GRK2, and phosducin complexes (Figure 4-
13). These residues may be considered as a consensus set of residues utilized by
many G binding partners. An additional three of the thirteen residues (Asp186,
Asp228, and Asn230) are shared among SIGK and two of the other protein complex
structures. One of the thirteen, Val100, contacts SIGK through its main chain
oxygen and is not involved in binding interactions in the other complexes. The SIGK
binding residues that are most sensitive to mutational perturbation are also the most
frequently involved in interactions with other G binding partners (Figures 4-7 and 4-
13). In addition, all of the residues in the SIGK binding interface are invariant across
mammalian Gp1-GB4 isoforms (Figure 1-4). As discussed in Chapter One, Gj
isoforms are so highly conserved across species that the sequence conservation of
these residues is not as relevant as their structural conservation (Figure 1-4 and

Figure 4-13). SIGK was identified from a random peptide phage display where
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multiple peptides unrelated by sequence appeared to bind to a common surface on

Gp1. As shown in the GB+1y2*SIGK structure this screen, unbiased in terms of
biological function, selected a common G surface shared by multiple G signaling

targets.
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Figure 4-12. Molecular surface comparisons of Gy binding interactions.
Molecular surfaces are shown for Gpy; the residues in each color correspond to the
Gp binding surface for each signaling target. (A) Residues that contact the SIGK
peptide. Relative positions of key residues of the Gp1y2*SIGK interaction discussed
in the text are labeled on the surface for orientation purposes. (B) Residues
indicated by complex crystal structures to be important for target binding (Gaudet,
Bohm et al. 1996; Lambright, Sondek et al. 1996; Loew, Ho et al. 1998; Wall, Posner
et al. 1998; Lodowski, Pitcher et al. 2003). (C) Residues proposed to be important
for target binding to GBy based on mutagenesis studies (Ford, Skiba et al. 1998; Li,
Sternweis et al. 1998; Agler, Evans et al. 2003). The Gy binding partner for each
molecule is labeled.
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Figure 4-13. Structural conservation of Gj at the SIGK binding site.
(A)Commonality of residues in GB1 binding interfaces in complexes with SIGK, Gaiy,
GRK2, and phosducin. Residues that contribute to one of the complex surfaces are
colored blue; two complexes, green; three complexes, orange, and if found in all four
surfaces, red. Four residues from the SIGK surface are labeled to define the
orientation.

SIGK Effects on GBy Signaling Pathways

In view of the extensive overlap between the residues of G4 that are accessed by
SIGK and those involved in the binding of protein Gy targets, SIGK should be a

competitive inhibitor of multiple Gy binding reactions (Figure 4-12). Indeed, the
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closely related SIRK peptide has effects on several Gy dependent pathways; it

blocks Gpy mediated inhibition of PLC p2 and PI3K in purified protein preparations,
and a cell permable version of SIRK (myristolated SIRK) induces ERK I/l activation
in intact cells (Scott, Huang et al. 2001). These effects are sensitive to mutations of
residues in SIGK that interact with the surface of Gp: sLys4, sAla5, sPhe6, slle8,
sLeu9, and sGly10 have all been shown by alanine scanning to be important for
inhibition of PLC B2 activation by Gy, (Scott, Huang et al. 2001). In addition,
sLeu9 is important for the ability of SIGK to activate MAPK pathways in cell culture
(Goubaeva, Ghosh et al. 2003). However, SIRK does not block inhibition of adenylyl
cyclase type | or N-type Ca™* channel regulation, even though their footprints are
quite similar to those of G and PLC B2 (Figure 4-12) (Scott, Huang et al. 2001).
Conversely, mutations in G that abrogate SIGK binding do not equally affect
interaction with other Gy binding partners. For example, mutation of Leu117 to
alanine decreases the ability of GBy to activate adenylyl cyclase type Il and PLC 33
and to bind GRK2 and SIGK, but has no effect on GIRK1/GIRK4 potassium channel
activation, CCa1B calcium channel activation, or PLC B2 activation (Table 4-2)
(Ford, Skiba et al. 1998). Similarly, mutation of Trp332 to alanine reduces affinity of
GB1y2 for SIGK and impairs stimulatory activity towards adenylyl cyclase type II,
CCa1B and both PLC B2 and PLC B3, but does not affect interaction with GRK2,
activation of GIRK1/GIRK4, or inhibition of adenylyl cyclase type | (Ford, Skiba et al.

1998). Both Leu117 and Trp332 form part of the Ga: and Gas binding sites of G4
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(Wall, Coleman et al. 1995; Lambright, Sondek et al. 1996; Wall, Posner et al. 1998)

and mutation of Leu117 also affects Gai1 association with Gy, (Ford, Skiba et al.

1998).
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Gaiq Phosducin | GRK2 SIGK PLCPB AC GIRK Ca™
42
44
46
47
52
53
55 55 55 55 55
57 57 57 Lys 57 57
59 59 59 Tyr 59 59
75 75 75
76
78 78 78 78 78
80 80 80 80
88
89 89 89 89
90
91
92
95
96
98 98
99 99 99 Trp 99 99 99 99
Val 100
101 101 101 Met 101 101 101 101
117 117 117 Leu 117 117 117
119 119 119 119
132
143 143 143
144
145 145 145 Tyr 145
162
182
186 186 Asp 186 186 186 186
188 188 188 Met 188
204 204 204
228 228 Asn 228 228 228 228
230 230
246 246 246 Asp 246 246
274
290 290
292
304
310
314 314
332 332 332 Trp 332 332 332 332
41% 44% 44% | mmmee 54% 64% 43% 38%

Table 4-2. Interaction surfaces for G4 binding partners. Key to column

headings: Gai, the crystal structure of the Gai1*GpB1y2 heterotrimer (Wall, Coleman
et al. 1995; Wall, Posner et al. 1998); phosducin, the phosducin*GBy; complex
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(Gaudet, Bohm et al. 1996); GRK2, the GRK2+G1y2 complex (Lodowski, Pitcher et
al. 2003); SIGK, the SIGK+Gp1y, complex; PLC B, mutational analysis of the PLC
B2/3+Gp1y2 complexes (Ford, Skiba et al. 1998; Li, Sternweis et al. 1998); AC,
mutational analysis of the adenylyl cyclase type I/l11*GB1y2 complex (Ford, Skiba et al.
1998); GIRK, mutational analysis of GB1y2 interaction with the GIRK1/4 channels
(Ford, Skiba et al. 1998); Ca**, mutational analysis of GB1y” interaction with N or P/Q
type calcium channels (Ford, Skiba et al. 1998; Agler, Evans et al. 2003). In bold
are residues which are important for the SIGK-Gp1y, interaction. The last row
calculates the percentage of residues that are shared between the target and SIGK
interfaces.

The failure of SIGK to act as a universal G competitor must be attributed to the
importance of residues that lie outside of the “consensus” site for stable binding of
some Gp binding partners. The contribution of these extra-consensus sites to the
binding energy may differ among Gp-interacting proteins. Ga, for example, interacts
with Gy at two distinct loci. The switch |l region binds to the consensus site, and
the N terminal helix of Gajs binds along the side of the G4 torus (Wall, Coleman et
al. 1995; Lambright, Sondek et al. 1996; Wall, Posner et al. 1998). Both interfaces
contribute to the energy of binding; N terminally truncated Gai fails to bind G4y,
and the two interfaces bury similar amounts of solvent accessible surface area (Wall,
Coleman et al. 1995). Thus, it is possible that SIGK could bind to G protein
heterotrimers upon dissociation of the switch Il region of Ga; from G, even while the
N terminus of Ga; remains associated with Gfy. Stimulation of heterotrimer
dissociation by SIRK may involve formation of such an intermediate complex
(Gai1*GPy*SIGK). The GB1y2*SIGK structure shows that SIGK does not induce

substantial conformational change in G outside of the SIGK binding site itself
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(Figure 4-8). Therefore, based solely upon the GB1y2*SIGK complex structure there

is no explanation for the molecular mechanism of SIGK induced Ga dissociation.

Other G binding partners might form strong interactions with extra-consensus
residues such that binding of competitors at the consensus site would not be
sufficient to affect G binding. For example, peptides which bind the top face of Gp,
including the QEHA peptide derived from adenylyl cyclase type Il and SIRK/SIGK
peptide, are able to compete directly for binding of Ga. to GB. This indicates that at
least some adenylyl cyclase isoforms share an interface with SIGK on the top face of
GpB (Ghosh, Peterson et al. 2003). However, mutagenesis experiments did not
provide evidence for binding of adenylyl cyclase type | to the consensus surface of
GpB+, which is consistent with the inability of SIRK to interfere with Gy inhibition of
this effector (Li, Sternweis et al. 1998). Perhaps this discrepancy may be explained
by the unique extra-consensus surface shared by adenylyl cyclase isoforms and
GpBy. It should be noted that effect of SIGK on the formation of other GB4 complexes,

for instance those with GRK2 and phosducin, has not been tested.

Analysis of the Top Face of GB as a “Hot Spot”

The ability of the SIGK binding site of Gy to recognize a range of protein ligands
with diverse secondary structures (Figures 4-9 through 4-12) suggests that it may be
an example of a preferential protein binding site as described by Delano et al.

(DeLano, Ultsch et al. 2000). Preferential binding surfaces are characterized as
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having high solvent accessibility, low polarity, and a large degree of conformational

flexibility (Clackson and Wells 1995; Bogan and Thorn 1998; Ma, Wolfson et al.
2001; Scott, Huang et al. 2001; DeLano 2002). Moreover, preferential binding sites
are likely to contain an unusually high concentration of so-called “hot spots”:
residues that, if mutated to alanine, reduce binding energy at least ten-fold (DeLano
2002). Hot spots have been described for both protein-protein and protein-small
molecule interfaces; often point mutations to any hot spot on a surface completely
abrogate complex formation, even when the binding interfaces bury several hundred
AZ of total surface area (Clackson and Wells 1995; Bogan and Thorn 1998; Thanos,
Randal et al. 2003; Zhang, Li et al. 2003). We have used these criteria to evaluate
the SIGK binding site of G} as a protein surface that is predisposed by its chemical

composition and surface properties to serve as a protein binding site.

Of the twelve residues in the SIGK contact surface that were tested in the current
study, eight (Lys57, Tyr59, Leu117, Tyr145, Asp186, Met188, Asn230, and Trp332)
met the energetic criterion for a “hot spot” residue. Replacement of any of these
residues by alanine resulted in a 10-fold reduction in the affinity of Gy, for SIGK
(Figure 4-5 and Figure 4-7). It is clear that all of these residues act as energetically

important nodes that contribute favorably to SIGK binding.

The SIGK binding surface of G contains several residues that Bogan and Thorn

have shown to be enriched in hot spots (Bogan and Thorn 1998). These include
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tyrosine, tryptophan and arginine; bulky residues that are capable of forming both

polar and non-polar interactions. This preference for aromatic and extended alkyl
chain residues leads to the classification of hot spots as nonpolar cores surrounded
by more solvent-accessible residues. The SIGK contact surface contains residues
that are underrepresented in hot spot regions such as Leu117 and Val100, along
with Met101 and Met188. However, the SIGK binding surface is significantly more
populated with aromatic residues (Figure 4-4 and Figure 4-6) than the rest of the Gf3
surface. 38% of the SIGK binding surface versus 8.5% of the total non-glycine
surface accessible Gp residues is composed of Phe, Tyr, His, or Trp. Therefore, the
SIGK surface is more nonpolar; in total, 62% of the SIGK binding surface is nonpolar
compared to 29% of Gp surface accessible residues. It is interesting to note that
asparagine and aspartic acid, which have a moderately favorable distribution among
hot spot surfaces, account for four of the thirteen residues in the SIGK binding
surface. This combination of aromatic and charged residues allows for
accommodation of binding partners with diverse chemical properties at the G3
binding surface, although it does not fit the literature definition of a hot spot mode of

interaction.

Preferential binding surfaces are expected to have high surface accessibility
(DeLano, Ultsch et al. 2000). To analyze this property of the SIGK binding surface,
the total surface accessible area was calculated for the G3 molecule on a residue,

main chain, and side chain basis. Accessibility scores for SIGK-binding residues
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relative to residues of the same type in GB¢ are shown in Figure 4-14. Most amino

acids in the SIGK binding surface are not significantly more accessible than others
of their type in G. However, five residues showed significant deviation from the
mean: Tyr59, Trp99, Met101, Leu117, and Trp332. In the case of Trp99 side chain
surface accessibility is significantly greater than the type average; the main chain of
Tyr59, Trp99, Met101, and Trp332 are more accessible than the mean. Leu117 has

significantly large main chain and side chain accessibility.
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Figure 4-14. Solvent accessibility of the SIGK binding site on G. Total residue,
main chain, and side chain solvent accessible area (A?) were computed for all Gf;
residues in the GB1y2°SIGK, GB1y2°Gai1, GB1y22GRK2, and GB1y1*phosducin
complexes using CNS (Lee and Richards 1971). Average and standard deviations
were calculated for each of the twenty amino acid types. A solvent accessibility Z-
score was computed for each residue, n, at the SIGK interface: Z, = (A, — A) o;,
where A, is the solvent accessibility of residue n, i represents the side chain type of
that residue, and A; and o; are the mean and standard deviation of solvent
accessibility for residues of type i. Bars filled with horizontal stripes represent
accessibility data for all atoms of the residue; dotted bar, main chain atoms only;
diagonal stripe, side chain atoms.
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Conformational flexibility or adaptability has been cited as an important determinant
of a preferential binding surface, since such surfaces are better able to bind to
structurally unrelated protein targets (DeLano, Ultsch et al. 2000). Residue flexibility
can be quantified in terms of relative positional variation in the context of several
protein complexes as shown in Figure 4-15. A histogram showing the RMSD
relative to uncomplexed Gp1y4 of all G residues in four crystal structures
(GB1y2°SIGK; GB1y22Gaii1; GB1y22GRK2; GB1y1*phosducin) shows that the SIGK
surface residues of G341 show only slightly greater than average side chain positional
dispersity (1.42 A compared to 1.35 A), with the side chains of Trp99, Asp228,
andTrp332 having the largest positive deviation from the average (each greater than
2 A). In particular, Arg314 and Trp332 in blade 7 move more than 10 A towards the

outside of the G4 torus to interact with phosducin.
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Figure 4-15. Positional variation of G residues in the SIGK binding surface.
The RMSD (in A) of G residues in Goi-protein complexes with respect to their
positions in unbound Gp1y4 (after superposition as shown in Figures 4-9 through 4-
11) are plotted as a histogram. The mean RMSD for all G4 residues and the mean
RMSD for the thirteen residues in the SIGK binding surface are marked with arrows.
The histogram for the thirteen SIGK binding residues is shown as an inset.

Atomic B factors also provide a measure of conformational flexibility. In the structure
of uncomplexed GB+y¢ the B factors for Trp99, Val100, and Met101 exceed the
mean value by least one standard deviation (Trp99 is greater than 2 standard
deviations from the mean). However, in complexes with Gaj1, GRK2, phosducin,
and SIGK complexes, these binding site residues become more well ordered with B
values close to the mean and in some cases up to 1 standard deviation below the
mean. Thus, the capacity of G to recognize structurally diverse binding partners
does not require a high degree of conformational flexibility for most residues in the
top binding surface. Small structural adaptations are sufficient to accommodate a

range of co-evolving binding partners in the Gf1 molecule.
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Structural and mutagenic analysis demonstrates that the SIGK binding site on Gj4
may be regarded as a hot surface, co-evolved to promote tight binding with multiple
protein targets. However, the mechanism by which GBy acts as a hot surface is
complex. Trp332 is the only residue which meets all four of the criteria for a “hot
spot”, although Tyr59 and Trp99 have three of the four characteristics of hot spot
residues that were tested. There are other residues in the top face of Gp that are
sensitive to mutational perturbation and are utilized in many binding partner
interactions, but do not show significant shifts in conformational flexibility, solvent
accessibility, or nonpolarity. Especially notable among this group are Lys57 and
Met188; both of these residues are clearly important in the Gp interface as shown by
mutational analysis and comparison to known Gy complex structures, and yet do
not meet any of the additional statistical criteria for hot spot residues. Like other
proteins that are required to interact with multiple, structurally disparate binding
partners (DeLano, Ultsch et al. 2000), G has evolved a highly sensitive and
specialized surface for interaction. In this case, the molecular mechanism mainly
depends on heterogeneous non-bonded interactions at the binding surface; residues
are utilized which use van der Waals contacts (methionine and leucine), polar
contacts (aspartate and asparagine), and both (lysines, tryptophan, and tyrosine) to

contribute energy to the binding interface.
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CHAPTER FIVE
Crystallization of Ga;; Bound to Fluorophore Nucleotides: First
Attempt

A project involving Ga. began at the same time as the SIGK-G1y2 project described
in Chapters Two through Chapter Four. The goal of this project was to crystallize a
complex between Ga and various fluorophore labeled nucleotides. This chapter
provides an introduction to the goals of the project; the methods used for protein
purification, crystallization, and structure determination; .and the results obtained.
The first attempt to purify untagged Gai1 failed; instead, a contaminant protein was
repeatedly purified and crystallized. In this chapter, the procedures used to
determine the structure of a contaminant are outlined, and the structure of the
contaminant is shown. At the end of the chapter, strategies to eliminate this
contaminant from the Gai¢ purification and improvements to the exchange and

crystallization procedures are discussed.

The use of Fluorophore Nucleotides to Elucidate G Protein Signaling

Fluorophore labeled nucleotides are a useful tool for enzymatic assays and for
labeling specific proteins in cells or tissues. The sensitivity of fluorescence can be
advantageous in detecting small amounts of proteins in cellular assays. For
fluorophores with excitation wavelengths in the proper range, intrinsic fluorescence
can be amplified by FRET within the protein, thereby leading to specific fluorescence
only when the fluorophore is bound. In addition, when the fluorophore modification

does not affect the binding properties or kinetic parameters of the substrate,
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fluorescent monitoring of enzymatic processes is often preferred by researchers to

radioactive substrates. Finally, fluorescence can be used to track particular
processes in cells and tissues, and multiple fluorophores can be utilized to

simultaneously observe separate events in a larger system.

MANT (2'(3’)-O-(N-methylanthraniloyl) substituted nucleotides (Figure 5-1) have
been utilized to study small G proteins, and the binding affinities and rate constants
for MANT-GTP and MANT-GDP are comparable to unlabeled nucleotide for p21Ras
(Remmers, Posner et al. 1994). More recently, MANT labeled nucleotides have
been used in multiple studies of heterotrimeric G proteins, with varied results
(Remmers, Posner et al. 1994; Remmers and Neubig 1996; Remmers 1998; Gille
and Seifert 2003). The affinities for unlabeled nucleotides can be represented with
the rank order GTPyS > GMMPNP = GTP = GDP > GMP; for MANT, the order is
MANT-GTPyS > MANT-GMMPNP > MANT-GTP (Bokoch, Katada et al. 1984;
Remmers and Neubig 1996). There are differences in binding affinities between
isoforms of Ga,; most notably, Ga; does not bind to MANT-GTPyS. The affinity of
myristolated Ga,; for MANT-GTPyS was originally reported to be nearly identical to
unlabeled GTPyS (ECso = 11 nM vs. 22 nM) (Remmers and Neubig 1996).
However, later studies with receptor-linked Ga, isoforms indicate a higher K; for
MANT-GTPyS compared to unlabeled GTPyS (10 nM vs. 1090 nM) (Gille and Seifert
2003; Gille and Seifert 2003). The reported K4 of MANT labeled GMMPNP for

myristolated Ga,; is 1500 nM; affinities are reported to be lower for unmyristolated



155
Gai but have not been quantified in the literature to date (Remmers and Neubig

1996). Off rates of MANT-GDP from Ga, have not been reported, but for Go,
dissociation of MANT-GDP is faster by two orders of magnitude compared to
unlabeled GDP (t12=1.7s compared to 120s) (Remmers, Posner et al. 1994). MANT
compounds have been used successfully to label G proteins in receptor-linked
systems in insect cells, albeit with low affinity and some cross-reactivity towards
adenylyl cyclase (Gille and Seifert 2003; Gille and Seifert 2003), and have been
utilized in various enzymatic studies with partially or wholly purified proteins
(Remmers, Posner et al. 1994; Remmers and Neubig 1996; Remmers 1998;

Remmers, Engel et al. 1999).
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Figure 5-1. MANT labeled nucleotides used in the current study. (A) MANT-
GDP. (B) MANT-GMPPNP. The MANT moiety is coupled nonspecifically to the 2’
or 3’ hydroxyl of the ribose ring of the nucleotide; exchange is fast and reversible
between the two isoforms, although in most enzymatic assays only one form of the
nucleotide has high affinity.
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A different type of fluorophore, unrelated in structure, has also been linked to

guanine nucleotides (Figure 5-2). BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene) has the advantage over MANT of being excited in the visible range of the
spectrum, thereby lessening the effects of heating and background fluorescence
seen in systems illuminated in the UV range. In addition, BODIPY has a large
fluorescence enhancement upon binding Ga that does not rely on FRET, as MANT
fluorescence does (McEwen, Gee et al. 2001). Instead, the BODIPY moiety most
likely becomes exposed to the environment upon Ga binding, leading to a release of
quenching by guanine (McEwen, Gee et al. 2001). The K4 of BODIPY-GTPyS for
Ga; has been reported as 150 nM; for BODIPY-GMPPNP the K4 is 10-fold lower
(1500 nM) (McEwen, Gee et al. 2001). However, in a receptor coupled Ga system,
the K; of BODIPY-GTPyS and BOPIDY-GMMPNP was reported to be even lower
than for MANT nucleotides (11 uM and 8.7 uM, respectively) (Gille and Seifert
2003). The same study found that although the affinities of BODIPY nucleotides are
greatly reduced compared to unlabeled or MANT labeled nucleotides, BODIPY-
GTPyS and BODIPY-GMPPNP were able to activate Ga; as efficiently as unlabeled
GTPyS and GMPPNP in an adenylyl cyclase activity assay (Gille and Seifert 2003).
Recently, BODIPY labeled GTPyS was utilized in an affinity probe capillary
electrophoresis (APCE) assay to analyze mixtures of Go, and Gai, or mixtures of

Ras and Rab3A (Jameson, Cunliffe et al. 2003). These experiments are useful to
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determine reaction kinetics, or to quantify classes of proteins based on their affinity

to ligand from a complex mixture of analytes (Jameson, Cunliffe et al. 2003).

Current structures of Ga bound to GDP and GTP analogs do not explain the
differences in reaction kinetics seen in the MANT and BODIPY labeled analogs. In
addition, the relatively high binding of BODIPY-GTPyS is surprising, considering the
large fluorescent group protruding from the y thiol, and this cannot be explained
using current knowledge. Finally, the structures of Ga protein bound to these
analogs might provide structural clues that could lead to the design of fluorescent

nucleotides with more desirable kinetic parameters for multiple Ga isoforms.
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Figure 5-2. BODIPY labeled nucleotides used in the current study. (A)
BODIPY-GDP. (B) BODIPY-GMPPNP. (C) BODIPY-GTPyS. BODIPY is coupled to
GDP and GMPPNP through the ribose ring, as in the MANT nucleotides. The
GTPyS nucleotide is coupled to BODIPY through the vy thiol.
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MATERIALS AND METHODS

Expression and Purification of Untagged Gai1

Untagged PQE-60 plasmid harboring Gais was used to drive expression of untagged
protein. The construct is identical to that in (Lee, Linder et al. 1994). Expression
was carried out using e. coli strain JM109. Cells were grown to an ODsg5=0.4 at 30
°C; 30 uM IPTG was added to cells and cells were allowed to grow for 12-16 hours
at 30 °C. Cells were harvested at 2600g for 30 minutes and lysed by sonication (5 s
on, 5 s off, 5 minutes total sonication time). Protease inhibitors (1 mL per 6L of cell
culture of Sigma P-2714) and DNAse | (5 mg +2 mM MgCl,) was added to the lysed
cells, and the supernatant was clarified by ultracentrifugation at 125,000g for 45
minutes. Supernatant was diluted to 300 mLs using buffer QA (20 mM Tris pH 8, 5
mM B-mercaptoethanol), loaded onto a 50 mL Q superose column and eluted with
10 column volumes of buffer QB(QA + 0.5M NaCl). The fractions were tested by
SDS-PAGE; fractions containing Gai1 were pooled and dialyzed against buffer HAP-
A (10 mM Tris pH 7.2, 5 mM B-ME, 0.01M NaCl) overnight. The next day, the eluate
was run over a 20 mL hydroxyapatite column and eluted off in 10 column volumes of
buffer HAP-B (10 mM Tris pH 7, 5 mM B-ME, 0.01M NaCl, and 0.25M KPO4 pH 7).
The fractions were tested using SDS-PAGE, and fractions containing Gai1 were
pooled, brought to a final concentration of 1.2 M ammonium sulfate, and then filtered
through a 0.2 u filter. This eluate was then loaded on a 10 mL phenyl superose

column pre-equilibrated in buffer PHE-A (50 mM Tris pH 8, 3 mM EDTA, 5 mM -
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ME, and 1.2 M (NH4)SO,), and eluted off in 10 column volumes of PHE-B (50 mM

Tris pH 8, 3 mM EDTA, and 5 mM B-ME). The fractions were analyzed using SDS-
PAGE for Gai1, and the eluate pooled and concentrated. The protein buffer was
exchanged on a gel filtration column (Sephadex 200:75) into buffer GF (20 mM
HEPES pH 8, 150 mM NaCl, 10 mM B-ME, and 1mM EDTA); fractions were
analyzed using SDS-PAGE and the peak fractions collected and concentrated for

further experiments. Typical yields were 10 mg protein/L cell culture.

Exchange of Fluorophore Nucleotide for Endogenous GDP

Exchange was accomplished by adding 100 mM ammonium sulfate, 2 mM MgCly,
and 5x molar excess of the nucleotide to concentrated Ga,. Typical concentrations
of protein used in the experiment ranged from 25-250 uM protein. The resulting
solution was placed at 30 °C for three hours. The protein mixture was then diluted

with at least 10 volumes of buffer GF and concentrated to at least 10 mg/mL.

Crystallography of Untagged Gaq*Fluorophore Complex

After concentration, 2 mM MgCl, and 1.5 molar excess fluorescent nucleotide was
added to the protein solution. Crystal conditions were based on those used
previously. (2-2.5 M ammonium sulfite, 100 mM sodium acetate pH 6.0) (Coleman,

Lee et al. 1994).
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Molecular Replacement

Molecular replacement trials were carried out using the programs CNS and AMoRE
as outlined in Chapter Three. Multiple search models were used, including those of
Ga, complexed with GDP (1GDD) (Mixon, Lee et al. 1995), GMPPNP (1CIP)
(Coleman and Sprang 1999), GTPyS (1GIA) (Coleman, Berghuis et al. 1994), and
aluminum fluoride (1GFI) (Coleman, Berghuis et al. 1994). Search models where

loops and protein termini were removed were also used.

Expression and Purification of Selenomethionine Labeled Untagged Gai4

Selenomethionine labeled Gai1 was expressed using the same plasmid carrying the
Goir gene as outlined above. However, an auxotrophic cell line (BL21 (DEz)) was
utilized to produce selenomethionine labeled protein. Induction conditions were
identical to that of unlabeled protein, although the media formulation used to grow
the cells was different and is shown in Table 5-1. Purification of selenomethionine
labeled Gai was identical to purification of unlabeled protein. Mass spectrometry
was used to calculate percent selenomethionine incorporation into the protein.
Typical yields were 5 mg protein/L cell culture. Nucleotide exchange conditions

were identical for selenomethionine labeled and unlabeled Gaiy.
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Autoclaveable Ingredients
| Ingredient Grams per L
Ammonium Sulfate | 1
KH,PO, 4.5
KzHPO, 10.5
Na-Citrate*2H,0 0.5
NaCl 0.5
Amino acids:
Ala 0.8
Arg 0.8
Asp 0.8
Asn 0.8
Cys 0.8
GIn 0.8
Glu 0.8
Gly 0.8
His 0.8
lle 0.8
Leu 0.8
Lys 0.8
Phe 0.8
Pro 0.8
Ser 2.2
Thr 0.8
Trp 0.8
Tyr 0.8
Val 0.8
Nucleosides:
Adenine 0.6
Guanosine 0.7
Thymine 0.125
Uracil 0.6
Non-Autoclaveable Ingredients
| Ingredient Grams per L
D-Glucose 10
MgSO, 0.25 (1 mL of 1M)
FeSO, 0.0835
Thiamine 0.04
Biotin 2 mL of 2 mg/mL (tris8)
Se-met 0.05

Table 5-1. Media formulation used in selenomethionine experiments. The
selenomethionine is added at the same time the cells are added to the media, and
may be supplemented at the time of protein induction to ensure full incorporation.
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Crystallography of Selenomethionine Labeled Untagged Gaiq

Crystallography of selenomethionine labeled Ga; was identical to that for unlabeled
Gai1. Crystals were slightly smaller and diffracted to lower resolution than unlabeled
protein. Fluorescence scans were used at beam line ID-19 at APS to verify
selenomethionine incorporation in the crystals; all datasets were then collected on

optimized crystals at 8.2.1 and 8.2.2 at ALS.

MAD Data Collection and Phase Calculation

As discussed in Chapter Three, there are several ways to solve the phase problem
inherent in x-ray diffraction studies. MAD phasing takes advantage of the
anomalous dispersion of x-rays seen for certain metals with resonances in the range
of wavelengths seen at synchrotron sources (Hendrickson 1991). Selenium is one
of these metals, with absorption values in the range of 0.95-1A (12-13 keV)
(Hendrickson 1991). Selenium can be incorporated into the protein of interest by
inducing the protein under minimal media conditions containing selenium-substituted
methionine. In many cases, the protein expression, purification, and crystallization

protocols need not be modified after selenomethionine incorporation (Doublie 1997).

During a typical x-ray experiment, atomic scattering factors (f;) include a component
that is contributed by the electron density distribution of the atom, and a dispersive

component that is related to the bound electronic state of the atom. In a MAD
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experiment, the wavelength of the incident x-ray is chosen such that it creates

resonant absorption of energy in the anomalous center (Hendrickson 1991) (Figure
5-3). This experiment leads to the collection of anomalous scattering component (f*)

to the atomic scattering factor.

Figure 5-3. Phase diagram for MAD experiments.
Key to figure: AF — total scattering amplitude at a given
wavelength; phase is unknown. Fr— normal scattering
of all atoms; Fa — anomalous scattering component of
all atoms; Ag = difference in phase angle between
normal and anomalous scattering components. Taken
from

http://www.bmsc.washington.edu/scatter/MAD _1.html .

Since there is a contrast between the scattering from anomalous centers compared
to the rest of the atoms in the protein, the positions of the anomalous scattering
atoms can be located with accuracy by experiments at the appropriate wavelengths.
This positional identification allows for a reference to determine phases for the total

reflections, allowing for structure solution from a single crystal (Hendrickson 1997).

MAD data collection strategy was based on the recommendations outlined by a
series of papers by Ana Gonzalez (Gonzalez, Pedelacq et al. 1999; Gonzalez 2003;
Gonzalez 2003). In short, crystals were first screened to look for reasonable
diffraction quality. A fluorescence scan was then taken of the crystal of interest, and
f and f” were calculated from the scan (see Figure 5-4 for a graphical representation
of fluorescence data, ', and f’). Datasets were then collected at f', and the decay of

the crystal was evaluated before collecting f’ or fremote- In all cases but one, the
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decay of the crystals was so significant that collecting more than one wavelength on

each crystal was not feasible.

A
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Figure 5-4. Theoretical absorption of selenium in a seleno-methionine
experiment. The absorption values are shown along the Y axis, and x-ray energy in
eV along the X axis. For a traditional MAD experiment, the researcher would collect
data sets at energy A4, then A, and A3 or A4, depending upon the radiation sensitivity
of the crystal. However, current literature indicates the necessity of collecting only
A1, or perhaps A1 and Az, in order to successfully obtain enough anomalous signal for
structure determination (Gonzalez 2003). For the data sets used in the current
analysis, only data obtained at A4 was necessary for full structure solution. Picture
taken from (http://www.bmsc.washington.edu/scatter/AS index.html)

The programs SOLVE and RESOLVE (Terwilliger and Berendzen 1999; Terwilliger
2000) were used to calculate the initial selenomethionine sites and initial phases
from SAD data. SOLVE is a highly automated program designed to take the data
output from HKL2000, calculate the Patterson and find the heavy atom or
selenomethionine peaks, use the input symmetry of the crystal to cross-validate
heavy atom sites, and calculate initial phase information utilizing the highest set of

heavy atom peaks. If SOLVE is able to find a significant number of peaks, thereby
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leading to phases with a high figure of merit, the resultant electron density should be

interpretable in many cases (Terwilliger and Berendzen 1999). However, vast
improvements in map quality can often be obtained by following SOLVE with
RESOLVE. RESOLVE utilizes a maximum likelihood approach to apply density
modification to the experimental phases derived from SOLVE (Terwilliger 2000).
Information about the solvent boundary, non-crystallographic symmetry, and partial
model information (from initial models or molecular replacement solutions) can be
utilized in RESOLVE to improve the probability target for the experimental phases as
well, thereby leading to a very powerful (and almost completely automated)

approach to phase improvement.

Native Data Collection and Data Reduction

Native data collection was carried out at BM-19 and ID-19 at the APS, and at 8.2.1
and 8.2.2 at the ALS. Data indexing, integration, and scaling were carried out using
HKL2000 (Minor 1997). After initial models had been built from the SAD data sets,
molecular replacement was used to further refine the model in the higher resolution
native data sets for each nucleotide. In all cases, molecular replacement was out

carried out using AMoRE as outlines in Chapter Three.
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Model Building and Refinement

Model building and refinement were carried out in O (Jones, Zou et al. 1991). Small
molecule torsion angle and bond length restraints were generated using HIC-UP for

MANT nucleotides and for BODIPY molecules (Kleywegt and Jones 1998).

RESULTS AND DISCUSSION

Expression, Purification, and Crystallization of Unlabeled and Selenomethionine

Labeled Untagged Gaiq

Original rounds of purification of unlabeled Gai1 resulted in a pure protein that was
slightly larger than expected (43 kDa instead of 40.3 kDa). This result was verified
by SDS-PAGE and mass spectra (Figures 5-5 and 5-6). However, this protein
crystallized under the conditions outlined for Gaii1, and also reacted with anti-Gauq
antibody. Crystals obtained with untagged protein appeared in the time frame
expected for Gajs (overnight, with terminal growth in one week). The crystals also
appeared in the published condition to Gai1 protein, which uses a relatively
uncommon precipitant (ammonium sulfite). Although many proteins crystallize in
conditions containing ammonium sulfate, it was not known at the time whether
proteins that normally crystallize in ammonium sulfate would also crystallize in
ammonium sulfite. It was observed that crystals resulting from certain nucleotide
exchanges (especially BODIPY-GTPyS and BODIPY-GDP) were larger and had

better morphology than others (especially MANT-GDP). This led to speculation that
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fluorophore nucleotide incorporation into the untagged protein was leading to

differential nucleation and growth compared to unlabeled nucleotide, and that the
differences between the crystals were due to different affinities of the labeled

nucleotides.

The crystals obtained with this protein were not a space group consistent with known
Guais structures. The protein crystallized in space group P241242 , as opposed to
P3421 for activated Gai1 crystal forms and 1, for GDP-bound Ga; (Coleman, Lee et
al. 1994). Crystals were harvested, cryoprotected in glycerol, and data sets were
collected at ALS crystals. All attempts at solving these structures by molecular
replacement failed, indicating that the protein in the crystals were significantly
different in conformation from previous Gai structures. It was possible that the
incorporation of fluorophore nucleotides were responsible for these results; in order
to find out, the structure could only be solved by utilizing selenomethionine-labeled
protein and MAD phasing. Protein produced under selenomethionine growth
conditions showed similar purification properties as unlabeled protein, and mass
spectra confirmed selenomethionine incorporation. Selenomethionine labeled
crystals were grown under identical conditions of nucleotide and precipitant as
unlabeled protein (Figure 5-7). The selenomethionine crystals were harvested and
cryoprotected in an identical way to the native crystals, and SAD data sets were

collected at ALS.
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Figure 5-5. SDS-PAGE analysis of gel filtered protein from Ga.i1 preps. This gel
shows a typical gel filtration run on the resultant protein from unlabeled untagged

Gait preps. Lanes are 5 uL of 0.5 mL fractions.
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Figure 5-6. Mass spectrometry on unlabeled and selenomethionine labeled
protein from Gais preps. The expected mass of Gaiq is 40.3 kDa. The unlabeled
protein (A) indicated a larger mass (43.2 kDa), and the selenomethionine labeled
sample (B) indicated nine residues were labeled in the protein (402 Dalton difference
in mass/46.9 (difference in mass between methionine and selenomethionine) = 8.5).



Figure 5-7. Unlabeled and selenomethionine crystals from untagged Gai
preps. Typical crystals from unlabeled preps (A, B) and selenomethionine labeled
preps (C) are shown.

The programs SOLVE and RESOLVE were used to find the selenomethionine

labeled sites, and a high quality electron density map was calculated using the
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phases from the selenium scattering. Upon manual inspection of the density map,

secondary structural features of the ras-like domain could be found almost
immediately. However, it soon became clear that there were -barrel structures in
the density that showed no similarity to the a-helical domain of Gai1, and within the
Ras domain density the position of the selenomethionines did not match with the
distribution of methionines within the sequence of Gajs. Therefore, the density was
fitted with a manually drawn polyalanine model, and then the model was submitted
to the server DALI (Holm and Sander 1993). This server uses alignment of distance
matrices to identify identical folds and domain structures between proteins. The
results of DALI were striking (Table 5-2); the model obtained from the
selenomethionine map was identical to the protein Ef-Tu from e. coli, the source

organism from the Ga, preps.
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PDB Z RMSD Description
score

1EFC | 32.3 0.9 elongation factor (eftu) biological_unit

1DAR | 16.5 2.3 elongation factor g (ef-g)

1KK1 | 16.3 3.2 eif2Zgamma Mutant

1CTQ | 13.9 2.5 transforming protein p21H-RAS-1 fragment

1CIP | 13.9 2.7 guanine nucleotide-binding protein alpha-1 subunit
(gia)

1MKY | 13.7 2.5 probable gtp-binding protein enga fragment

1UDX | 13.6 4.0 the gtp-binding protein obg

1H6S | 12.4 2.9 chloroplast outer envelope protein oep34 (toc34,
gtp-bi)

1G7R | 12.2 3.0 translation initiation factor if2EIF5B fragment

1BYU | 12.0 2.5 gtp-binding protein ran fragment (tc4)

Table 5-2. Output of DALI server. The top ten matches in the DALI database are
shown. There were 4990 protein chains in the database at the time of this search; a
Z-score of more than 2 is considered significant for this output. The RMSD
measurement is between the manually built polyalanine model shown in Figure 5-10
and the test protein whose PDB identifier is shown in column 1.

Identification of EF-Tu as the Crystallization Contaminant

The DALI server indicated that the protein crystallized was actually e. coli Ef-Tu. To

verify this hypothesis, structures of Ef-Tu bound to GDP (1EFC) (Song, Parsons et

al. 1999) and GMPPNP (1EXM) (Kjeldgaard, Nissen et al. 1993) were utilized as

molecular replacement search models using AMoRE. Initial results indicated clearly

that all data sets contained the structure of Ef-Tu in the basal, GDP-bound form.

Data sets for each nucleotide tested were compared for resolution and scaling

statistics and the best data set for each nucleotide form was subjected to further

rounds of refinement.
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Data set (b)GTPys (b)GDP (sm)(m)GMPPNP (b)GMPPNP (m)GDP
Data Collection
Space group P21212 P21212 P21212 P21212 P21212
Unit cell
a 243.691 243.690 244.342 244112 243.673
b 61.432 61.468 61.416 61.659 61.403
c 67.349 67.325 67.383 67.534 67.263
o=p=y 90 90 90 90 90
Dmin 2.3 2.35 2.4 2.7 2.9
Unique 40692 37238 39314 26020 21964
Reflections
Redundancy 3.2(1.7) 3.1(2.2) 17.1 (10.3) 5.5 (4.0) 3.1(2.1)
Completeness  88.6 (44.4) (22:2) 96.6 (86.6) 90.2 (67.8) (g?:g)
<l/c> 9.9 (1.2) 9.4 (1.4) 16.4 (1.9) 8.3 (1.6) 6.9 (1.2)
12.1 15.2
Rsym 10.4 (50.5) (44.7) 14.7 (81.2) 16.0 (64.9) (60.2)
Mosaicity 0.5 0.3 0.2 0.45 0.4
Wilson B factor 36.61 37.67 47.53 45.69 53.04
Refinement (all statistics are for the GDP:Mg"* bound form with H,0 added)
Resolution 50-2.3 50-2.35 50-2.4 50-2.7 50-2.9
Number of Atoms
Protein 11936 11936 11936 11936 11936
Water 201 174 121 148 90
Other. 88 88 88 88 88
(nucleotide,ions)
RMS deviations
Bond lengths 1.22 1.22 1.28 1.29 1.28
Bond angles 0.007 0.005 0.007 0.008 0.006
RMS B factors
Bonded main 1.45 2.4 2.6 1.25 2.04
chain
Bonded side chain 2.15 3.8 3.8 1.63 3.05
Average B factor 35.62 35.38 42.01 31.59 36.23
Ruwork 22.87 22.66 21.35 21.71 21.62
Rfree 26.11 26.57 25.99 26.45 27.65

Table 5-3. Description of the data sets used for structure determination. Each
column indicates a separate data set used to solve a structure. The first row
indicates which nucleotide should have been in the structure and is abbreviated as
follows: (b) = BODIPY, (m) = MANT. (sm) = selenomethionine; all other data sets
were native and were solved using molecular replacement methods. The data sets
are arranged from left to right in order of decreasing resolution.
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Structural Analysis of EF-Tu

The results from molecular replacement and from selenomethionine labeled samples
indicated that the protein crystallized was Ef-Tu from e. coli. However, since Ef-Tu
is also a G protein, structural analysis was undertaken to discern whether the
proteins crystallized in an active or inactive conformation. It would be expected that
under the conditions used for nucleotide exchange, a certain percentage of protein
might have crystallized with the proper fluorophore nucleotide, perhaps undergoing a

conformational change in the process.

Figure 5-8. Structure of Ef-Tu in the GDP-bound conformation. The two views
are related by approximately +90°. The protein is composed of three domains: the
ras-like domain, shown bound to GDP, and two 3 barrels. The largest
conformational change that occurs when GTP binds to Ef-Tu is a domain movement
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about the linker shown with an arrow in (A), which brings the 3 barrels in close
proximity to the ras-like domain. This change is shown in Figure 5-9.

Figure 5-9. Structure of Ef-Tu in an active conformation. Ef-Tu bound to
GMPPNP is shown in approximately the same orientation as Figure 5-8. In (A), the
B-barrel domains can be described as having collapsed onto the ras-like domain,
making the overall fold of the protein quite distinguishable from the same orientation
in Figure 5-8 (A). In (B), the Ras domain can be seen to be quite similar to the form
in the GDP-bound conformation, but the arrangement of the 3 barrel domain is
rotated and packed against the Ras domain.

The difference between Ef-Tu in the GDP (Figure 5-8) and active conformations
(Figure 5-9) is quite dramatic compared to other G proteins. The switch | region
undergoes a structural rearrangement from f strand to a helix in the active form
(Song, Parsons et al. 1999). The switch Il helix loses a helical turn at its N terminus
and gains a helical turn at its C terminus, and changes its orientation by about 40°
(Song, Parsons et al. 1999). Large changes can be seen between the Ras domain

and the B barrel domains, as shown in Figures 5-8 and 5-9. The interactions
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between the two 3 barrel domains are preserved, but the Ras domain rotates about
90° relative to the B barrel domains, closing the distance between them by about

10A.

Figure 5-10. The structure of the Gais contaminant. After ascertaining the nature
of the  barrels connected to the Ras domain, a manual polyalanine model was built
into the electron density obtained through selenomethionine phasing. After multiple
rounds of building and refinement, this polyalanine model for one of the molecules in
the asymmetric unit was obtained. This model was used as an input to the DALI
server to aid in identification.
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Analysis of the model built from selenomethionine data (Figure 5-10), along with

models from the molecular replacement solutions (Figure 5-16), confirm that all of
the proteins crystallized in the current study are in the basal conformation (GDP-

bound).

State of the Bound Nucleotide in each EF-Tu Structure

After determining the global conformations of Ef-Tu in the contaminant crystals, it
was reasonable to ask what the nucleotide state of each type of data set was. Since
Ef-Tu is a G protein, which undergoes cycles of exchange and hydrolysis, it was
important to make sure that none of the structures obtained actually contained the
desired fluorophore nucleotide. Even at low occupancy, it could be possible that the
proteins had crystallized with the proper fluorophore nucleotide, even if the protein
had not adopted the proper activated conformation. To accomplish this analysis,
molecular replacement with the basal conformation of Ef-Tu as a search model was
used to find initial density for each of the five nucleotide variables. The nucleotide
and any water or magnesium ions were removed from the search model, such that
the initial electron density obtained was unbiased in terms of nucleotide phasing. In
each case, the nucleotide binding pocket was manually analyzed for the presence of
absence of nucleotide (Figure 5-11). In each case studied, positive density was
observed in the nucleotide binding pocket, indicating the presence of nucleotide of
some variety. Next, a model of GDP was added to the protein model, and one cycle

of refinement carried out in CNS. The density was again examined, and for each
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data set additional positive density was still present. However, it became obvious at

this stage that the positive density left could not be explained by modeling in the
structure of either BODIPY or MANT, but instead was due to the presence of
magnesium ion and ordered waters in the nucleotide binding site (see Figures 5-11
through 5-15). Another round of refinement with GDP, magnesium ion, and water
was carried out, and the resulting density analyzed. See Figures 5-11 through 5-15
below for a graphical account of this process and the final round of refinement

density for each of the five data sets studied.

Figure 5-11. The process of building nucleotide models into electron density.
In panels (A) — (D), the process of building a nucleotide model for the BODIPY-GDP
data set is outlined. These structures are from a crystal in which the protein has
gone through exchange for BODIPY-GDP. The views in (A), (B), and (D) are looking
onto the protein in the nucleotide binding pocket, and the view in (C) is roughly +90°.
In (A), the 2Fo-Fc density for the nucleotide is clearly seen in blue (contoured at
1.50), indicating the presence of nucleotide in the binding pocket.

In (B), Fo-Fc density is displayed at a contour level of +2.5¢ (green) and -2.5c (red)
in order to build nucleotide into the observed density for this model. In addition to
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the observed 2Fo-Fc density, the “positive” density indicates areas where molecules
should be added to the mode to contribute to the density. In contrast, the “negative”
density indicates areas where modeling should not be done. In practice, visualizing
these three types of density maps allows the crystallographer to build a more

accurate model for further refinement.
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Once a reasonable model is built into the density, the n

(C) Based on previously
published coordinates for
Ef-Tu, a molecule of GDP, a
magnesium ion, and several
water molecules are fit into
the observed 2Fo-Fc and
positive Fo-Fc density for
the BODIPY-GDP data set.
This view is slightly tilted
relative to the previous
figures, such that the
guanine ring is almost
horizontally planar.
Negative density is not
shown for the sake of clarity.
ew model is subjected to a

round of refinement and a new map is built from the phases of the new model. The
resultant map is then compared with the old map to see if changes in the model can
be correlated with improvements in the map quality and the disappearance of

positive density.
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(D) The final round of refinement for the model representing the BODIPY-GDP data
set. Notice the preponderance of 2Fo-Fc density surrounding the model, and the
relative disappearance of positive and negative density in the nucleotide binding
pocket. In this picture, the 2’ and 3’ oxygens of the ribose moiety are indicated with
arrows — the lack of coherent positive density in these regions indicates that the
BODIPY fluorophore is not attached to the GDP molecule in this structure.

Figure 5-12. The final model for the MANT-GDP data set. This model contains a
GDP molecule, one magnesium ion, and water molecules in the nucleotide binding
pocket. There is no clear density connected to the 2’ or 3’ oxygen of the ribose
group, and therefore no evidence to support the addition of a MANT molecule to the

nucleotide model.
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Figure 5-13. The final model with refined density for the BODIPY-GMPPNP data
set. There is slight positive density around the magnesium ion, but there is no
evidence to support building a y phosphate group in this region. There is also no
evidence to support the addition of a BODIPY moiety in the region of either the 2’ or

3’ oxygen of the ribose ring.
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Figure 5-14. Final density surrounding the MANT-GMPPNP data set. There is

no evidence supporting the inclusion of a y phosphate or MANT fluorophore

chemical group into this density.
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Figure 5-15. Final model of the data set containing the BODIPY-GTPyS
nucleotide. In this case, the BODIPY chemistry should be connected through the
sulfur contained within the y phosphate. The first view shows the quality of the
density surrounding the guanine ring and sugar of the nucleotide. The second view
is centered upon the a and B phosphates of the modeled GDP. There is no
evidence in this binding pocket for either a y phosphate or a BODIPY moiety
connected to that phosphate.



183
Analysis of the Conformational State of each EF-Tu Structure

Refinement of the five nucleotide types was completed and the structures were
superimposed upon each other. In conclusion, all five structures are clearly in the
same conformational state (that of the GDP-bound or basal conformation of Ef-Tu),
and analysis of the nucleotide binding sites indicate no exchange for fluorophore

nucleotide has taken place in any of the five types of structures studied.

Figure 5-16. Superposition of the five nucleotide data sets collected. The color
scheme is identical to Figures 5-11 through 5-15. Compare these two molecules in
the asymmetric unit to the structures of the GDP and GMPPNP forms of Ef-Tu
shown in Figures 5-8 and 5-9.

Troubleshooting Strateqgies for the Second Attempt at Crystallization

It was determined that the cause of the incorrect purification procedure was due

mainly to a problem in the expression conditions used for the untagged Ga,; prep.
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For all preps after the first, a key ingredient in the induction protocol had been

omitted; chloramphenicol at 1 pug/L of cells is normally added to boost the production
of Ga; protein, and this step not been transferred into the protocol used for protein
production. Trials of cells where chloramphenicol was added led to overexpression
of Gai1, which then crystallized under standard conditions with different crystal
morphology than that of Ef-Tu. However, the entire project could be streamlined if
affinity chromatography could be utilized to produce Gai1, and so attempts to
express and purify Gaiq as a GST fusion were undertaken. It was also decided that
during the exchange and crystallization protocols a considered effort would be
undertaken to keep the levels of fluorophore nucleotide around 10x molar excess
over protein concentration, in order to encourage exchange and equilibrium binding

of fluorophore nucleotide. The results of these changes are outlined in Chapter Six.
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CHAPTER SIX
Crystallization of Ga;; Bound to Fluorophore Nucleotides:
Second Attempt

This chapter outlines the progress made in crystallizing Gais obtained from a GST
construct and the second attempt to crystallize Ga;1 bound to fluorophore labeled
nucleotides. A GST construct was made which expressed, could be purified, and
crystallized well under standard Gais conditions. Unfortunately, the crystallization
precipitant reacted unfavorably with the fluorophores, and crystals of the

Gaiqfluorophore complex were not obtainable.

MATERIALS AND METHODS

Expression and Purification of GST-Ga;1_Constructs

The GST-Gaq construct was obtained from C. Thomas in the Sprang lab. The
construct contained a TEV site between the GST and Gao,; (Figure 6-1). After TEV
cleavage, three residues remain N-terminal to the initiating methionine of Ga;. The
GST-mod Gais construct was obtained from A. Adhikari in the Sprang lab. This
construct also contains a TEV site, but after TEV cleavage the first remaining
residue is the second residue of Ga; (Figure 6-1). For both constructs, expression
was in BL21(DE3) cells grown in LB media at 30°C; at ODggo=0.5, IPTG was added
to a final concentration of 300 uM and the cells were induced overnight at 30°C.
Purification of both constructs used identical protocols: the cells were harvested after

overnight induction at 2600g for 30 minutes. Cells were lysed using sonication (5 s
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on, 5 s off, 5 minutes total sonication time) and then incubated with DNase | (5 mg

+2 mM MgCl,) and protease inhibitor (1 tablet EDTA-free Complete cocktail, Roche)
for 15 minutes at 4°C. The supernatant was clarified by ultracentrifugation for 30
minutes at 125,000g. The clarified supernatant was added to 2-3 mL glutathione
resin pre-equilibrated in buffer GST-A (20 mM HEPES pH 8, 5 mM B-ME, 1 mM
EDTA), washed with GST-B (GST-A + 0.5M NaCl), and eluted in GST-C (GST-A +
20 mM glutathione). TEV protease was added to the GST eluate and incubated
overnight. The resultant protein was loaded onto either a phenyl-superose column
pre-equilibrated in buffer PHE-A (20 mM HEPES pH 8, 3 mM EDTA, 5 mM B-ME,
and 1.2M (NH4)SO4) and eluted with buffer PHE-B (20 mM HEPES pH 8, 3 mM
EDTA, 5 mM B-ME), or loaded onto a Hitrap Q column pre-equilibrated in buffer Q-A
(20 mM HEPES pH8, 1 mM EDTA, 5 mM B-ME) and eluted in buffer Q-B (Q-A + 0.5
M NaCl). In either case, fractions were analyzed using SDS-PAGE and pooled, then
incubated with fresh glutathione resin for at least 1 hour with rocking at 4°C. The
resin was then removed from the protein by low-speed centrifugation and the
resulting supernatant checked for removal of residual GST by SDS-PAGE. The
protein was either concentrated directly for crystallography at this stage, or was
passed over a Sephadex 200:75 tandem column for further purification as needed.
Yields of GST-Ga; and GST-modGa; were usually 15 mg and 10 mg per liter of cell
culture, respectively. For both constructs, purified proteins were identified using

mass spectrometry and Edman sequencing to verify the proteins as Ga.
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Modification of Nucleotide Exchange Protocol

Exchange was accomplished by adding 2 mM MgCl, and 10x molar excess of the
nucleotide to concentrated Ga;. Typical concentrations of protein used in the
experiment ranged from 25-250 uM protein. The resulting solution was placed at 30
°C for three hours, and then placed overnight at 4 °C. The protein mixture was then
diluted with at least 10 volumes of buffer GF and concentrated to at least 10 mg/mL.
The resultant protein solution was spiked with 1 mM EDTA, 2 mM MgCl,, and 10x

molar excess nucleotide before crystallization trials.

RESULTS AND DISCUSSION

Purification of GST-Gaiy_Constructs

The GST-Gais construct expressed well and was purified in a straightforward fashion
(see Figure 6-1). However, this protein did not crystallize after TEV cleavage,
although it was quite pure and the conditions for Gai crystallization are well
established (Figure 6-2) (Coleman, Berghuis et al. 1994; Coleman, Lee et al. 1994;
Mixon, Lee et al. 1995; Coleman and Sprang 1998; Coleman and Sprang 1999).
After discussion with members of the lab, it was decided that a new construct should
be attempted, in which the residual amino acids left after TEV cleavage were
eliminated down to the second residue in the Gai¢ protein. This was based on the

observation that for untagged Gais protein, the initial methionine is not present in
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mass spectra or sequencing data. In practice this led to the modGais construct,

which after TEV cleavage begins with Gly2 of Gai1, as opposed to the Gly(-2)-Ala(-

1)-Met1-Gly2 sequence left after TEV cleavage of GST-Gais.

A. GST-Gri1
Linker region

(T B

B. GST-modGeil
Linker region

ﬁ GST (28 KDa) lP = 4' Ge:, (353 aa) k

Mod TEV site
(ENLYFQ)

Figure 6-1. Schematic of GST-Ga;1 and GST-modGa;; constructs.

Figure 6-2. Purity of GST-Gas. After purification,
cleavage, and removal of GST, SDS-PAGE was run
to verify the purity of the Gaii1 protein. The gel is
silver stained using the Bio-Rad Silver Stain Plus kit;
the concentrations of the proteins in each lane are
10 mg/mL, 5 mg/mL, 1 mg/mL. and 0.5 mg/mL. The
gel is overloaded to show the absence of residual

- GST in the preparation.

The expression and purification of modGay were quite similar to that of GST-Gauq

(see Figures 6-3 through 6-6), and the final purity of modGa.¢ protein was
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comparable to that of GST-Gaiy (Figure 6-2 and Figure 6-6). Mass spectra and

protein sequencing were used to verify the identity of the modGai1 protein.

Figure 6-3. GST-modGua;s. The two lanes show the total cell
supernatant after clarification using ultracentrifugation and the elution
from the GST affinity column. The expected molecular weight of the

GST-modGa,q fusion is ~68 kDa.
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Figure 6-4. Purification by phenyl superose. Fractions from a preparation of
GST-modGais run over a phenyl superose column are shown. The first lane shows
untagged partially purified Gai1 as a (+) control. In this buffer system Gai1 elutes first
(lanes 2-9), followed by GST (lanes 7-15). Although the peaks on the chromatogram

look separated, the purification is only partial and the pooled Gay from this column
must be re-run over glutathione resin to remove residual GST.
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Figure 6-5. Purification using HiTrapQ. After TEV cleavage, the GST-modGai1
protein can be purified utilizing ion exchange chromatography. The first lane
contains the protein mixture before loading; spread across two gels are the fractions
collected during a gradient elution. Under these buffer conditions, GST elutes first
off of the column (lanes 6-13), followed by Gais (lanes 15-19). The third peak from
the chromatogram contains neither GST nor Gajs and is not shown on these gels.
Note the residual GST in the Gaiq containing fractions; as with phenyl superose, the
pooled fractions from the HiTrapQ column must be run again over glutathione resin
to ensure purity of the Gai protein.
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- .. Figure 6-6. Final purity of the GST-modGai1 protein. The
o1 , purified Gai1 is at 10 mg/mL concentration.
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Crystallization of GST-Gaj1 and GST-modGaoiq

GST-Gai1 was successfully expressed, purified, and set up in hanging drop plates.
However, no crystals were obtained under the standard ammonium sulfite conditions
for untagged Gai, even though the purity of the protein was sufficient for
crystallography. Surprisingly, the GST-modGais construct crystallized quickly under
identical conditions to the untagged Gais protein, and further testing by x-ray
diffraction confirms the correct space group and unit cell parameters for both the

GDP and GTPyS forms of the crystals (Figure 6-7).
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100 um

Figure 6-7. GTPyS and GDP-bound crystals of modGa.i1. The activated form of
the modGaq,; protein (GTPyS bound) is shown in (A), and GDP-bound modGai is
shown in (B). The crystals have different morphologies, different space groups, and
different cell constants from each other, and so can be readily categorized.

Crystallization of a Gaj1*Fluorophore Complex

Exchange of endogenous GDP for fluorescent nucleotide was straightforward using
standard techniques. After exchange, either dilution and concentration or gel

filtration was used to remove excess nucleotide from solution. There was no
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difference seen in the crystallographic experiments between the two methods.

However, after nucleotide exchange the protein no longer crystallized under
standard ammonium sulfite Gais conditions. The protein instead precipitated within
24 hours. In addition, the color of the fluorescent nucleotide changed in the case of
BODIPY derivatives, from a deep pink color to colorless within 24 hours. This led to
the hypothesis that the crystallization condition was affecting the fluorophore
nucleotide in a manner which was counterproductive to crystallographic analysis. To
test this hypothesis, a series of spectroscopic measurements were undertaken to
analyze the effect of crystallization precipitants on the fluoropore-conjugated

nucleotides.

Effect of Ammonium Sulfite Crystallization Condition on Fluorophore Nucleotides

In order to test whether ammonium sulfite had a deleterious effect on BODIPY and
MANT fluorophores, a series of spectroscopic measurements were carried out. In
the simplest set of experiments (Figures 6-8 through 6-11), fluorophore nucleotide
solutions were mixed directly with crystallographic conditions (2 M (NH4)SO4, 100
mM Na-Acetate pH 6), and scans taken every 10 minutes to assess the effect of the

solution upon the nucleotide.
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It immediately became clear that the ammonium sulfite was having an effect on the
stability of the fluorescent signal for both BODIPY and MANT nucleotides. Various
control experiments were used to verify this hypothesis, including testing

fluorescence in water or buffer alone over the same time frame (data not shown).
198



199

These controls showed no loss of fluorescent signal over the hour long experimental

time frame. The experiment with the fluorophores bound to protein could not be

done, since the complex precipitated in 2M ammonium sulfite as observed in the

crystal experiments.

There are two published crystal conditions for untagged Gai1 (Coleman, Lee et al.

1994). In an attempt to salvage the crystallographic experiment, the potassium

phosphate condition (potassium phosphate, pH 7, 100 mM NaCl) was tested to see

if it also produced a deleterious effect on the fluorophore nucleotides.
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Figure 6-10. Effect of
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BODIPY labeled nucleotide.
5 uM BODIPY-GTPyS was
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phosphate condition as
outlined in the text. The black
arrow points to the 0 time
point; the grey arrow is
pointing to the next five scans,
taken every 10 minutes for one
hour. Excitation and emission
are as in Figure 6-8.
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The conclusion drawn from this set of experiments, along with the crystallographic
observations, was that the fluorophore*Gajs complex could not be crystallized in the
ammonium sulfite condition due to a chemical sensitivity contained in the
fluorophore group of the nucleotide. Crystallization trials of the fluorophore*Gai
complex must now either focus on the less reproducible potassium phosphate

condition, or new conditions must be found.

Attempted Optimization of Potassium Phosphate Crystallization Condition of the

Ga,1*Fluorophore Complex

Attempts to crystallize the Gaiq protein using the potassium phosphate condition
were, on the whole, unsuccessful. This condition is less reproducible than the

ammonium sulfite condition; in addition, the crystals do not appear until one month

200



201
after being set up, making optimization non-trivial. Crystals were obtained of the

GDP-bound form of the modGai4 protein (Figure 6-12); however, GTPyS bound
crystals have been obtained only as microcrystals. In the case of the GDP crystals,
more optimization is needed; the crystals are too thin and fragile to be cryoprotected

and frozen efficiently and to date do not diffract.

— ‘ Figure 6-12. Crystals of the GDP+Gai; complex.

Crystal Behavior of the Ga,1*BODIPY-GTPyS Complex

Attempts have been made to crystallize the Ga,1*BODIPY-GTPyS complex using the
potassium phosphate conditions. However, only microcrystals have been obtained,

and the crystals are too small to test for diffraction.

In conclusion, the Gai crystals obtained in the potassium phosphate based
crystallization condition are less reproducible and more difficult to optimize than the
ammonium sulfite condition. However, due to the reactivity of the MANT and
BODIPY coupled nucleotides, any further crystallographic studies of these
complexes must either be done using potassium phosphate as the precipitant, or a

new crystallization for these studies must be found. Perhaps Gas would be a better
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isoform for these co-crystallization studies; Gas crystallizes in a PEG based

precipitant, thereby avoiding the issues encountered in the Gai1 crystallization.
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CHAPTER SEVEN
Conclusions and Future Directions

GBy Interactions with Peptide/Protein Targets

The structure of SIGK bound to Gy presented in Chapter Four addresses a
number of issues related to Gy signaling and the nature of the top face of Gp.
The 2.7 A structure shows the SIGK peptide binding to the top face of GB using
many of the same residues sampled by Gy binding proteins. This structure
allowed for a detailed analysis of the top face of Gj3, driving a series of mutations
to be made that could then be tested using SIGK binding as a probe. This
analysis leads to the conclusion that the majority of residues that make up the
SIGK binding interface on G contribute significant energy to the binding of this
peptide; that is, individual mutations of Gj residues have strong effects on the
binding affinity of the whole peptide for Gp. Future work along these lines could
include testing the SIGK interface mutations for their effect on the other peptides
from the phage display assay. This would allow the researcher to understand if
there were Gp3 residues crucial for all peptide binding, or if Gp residues in the
SIGK interface could be used to categorize peptides on the basis of their binding
interface. Since the top face of Gp is a preferred interaction surface, one would
think there would were many different combinations of Gf residues that bound to
peptides of disparate sequence. In fact, this seems to be the case (Figure 7-1).

Perhaps these peptides could then be tested for their ability to affect GPy target
204
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proteins; one would expect that if the phage display peptides bound to Gj using

different binding determinants, this could translate into differential abilities to

block various Gy signaling pathways. The ability to selectively block Gy

signaling through different effectors would be an extremely useful outcome of

these experiments.
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Figure 7-1. Peptides of
diverse sequence bind G
using distinct residues.
Using the same phage ELISA
procedure outlined in Chapter
Four, peptides of diverse
sequence are tested for their
ability to bind to Gp.
Surprisingly, even peptides
grouped in the same “class”
as shown in Figure 2-1
differentially bind to point
mutants of Gp, indicating a
unique footprint for each
peptide shown in regard to
Gp binding. This figure is
from unpublished work by T.
Bonacci and A. V. Smrcka.
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In addition, the SIGK+*Gpy complex led directly to the analysis of the top face of
GpB as a “hot spot” for protein binding. The conclusion drawn in Chapter Four is
that although G is a functional hot surface containing protein, the properties of
Gp that allow it to carry out this function are mainly due to the unique
composition of the amino acids in the SIGK interface. The combination of
nonpolar and aromatic amino acids, along with a large group of acidic charges
near the SIGK N terminal interface, allow G to accommodate proteins with large
diversity of sequence and structural elements. The methods currently in the
literature used to define hot spot surfaces fail to delineate the top face of Gp as a
hot surface, although clearly this region of Gj is a functional hot spot. The Gj
mutations designed based on the SIGK*Gpy structure may now be used to test
the interactions of G with various target binding proteins, including Ga,, GRK2,
phosducin, and adenylyl cyclase. If the mutations to alanine produce a 10-fold or
greater loss of affinity, this would provide even stronger evidence for the SIGK
binding interface to be described as a new type of “hot surface”. Perhaps then
the inclusion of G properties into hot spot databases would broaden the
definition of hot spot proteins and improve the predictive qualities of these

databases.
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